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Tables  of  Energy  Losses  and  Ranges  of Heavy  Charged P a r t i c l e s  
P 

Walter  H. Barkas 
L a w r e n c e   R a d i a t i o n   L a b o r a t o r y ,   U n i v e r s i t y   o f .   C a l i f o r n i a ,  Berkeley 

a nd 

M a r t i n  J. Berger  
Nat ional   Bureau  of   Standards,   Washington,  D.C. 

Two-variable   proton  s topping  power  and  range 
t a b l e s   a r e   g i v e n   a s   f u n c t i o n s   o f   t h e   p a r t i c l e   e n e r g y  
7 and  of   the  mean e x c i t a t i o n   e n e r g y   I a d j   o f   t h e  
medium f o r  160 v a l u e s   o f  7 between 1 and 5000 M e V ,  
a n d   f o r  36 v a l u e s   o f   I a d j .   T h e s e   t a b l e s   c a n   b e  ap- 
p l i e d   t o   a n y  medium w i t h   s p e c i f i e d  mean e x c i t a t i o n  
energy. By simple s c a l i n g ,   t h e y   c a n   a l s o   b e   a p p l i e d  
t o  o t h e r   h e a v y   p a r t i c l e s   w i t h   m a s s   a n d   c h a r g e   d i f -  
f e r e n t   f r o m   t h a t   o f   t h e   p r o t o n .  The t a b u l a t e d   v a l u e s  
below 8 Mev are"  based on experimental   stopping-power 
and  range  data   as   summarized by a % p a r a m e t e r   l e a s t -  
squa res   r ange   fo rmula .  Above 8 Mev t h e y   a r e   b a s e d   o n  
the   Be the   s topp ing   power   t heo ry ,   excep t   fo r   t he   she l l  
c o r r e c t i o n s . w h i c h   a r e   c a l c u l a t e d  by   an   empi r i ca l  
formula i n   t h e   v a r i a b l e s  ,-7 a n d   I a d j   d e r i v e d   f r o m   t h e  
a n a l y s i s   o f   e x p e r i m e n t a l   d a t a .  The two-variable  
t a b l e s   d o   n o t   i n c l u d e   t h e   d e n s i t y   e f f e c t   c o r r e c t i o n  
w h i c h   b e g i n s   t o   b e   a p p r e c i a b l e  when t h e   k i n e t i c   e n e r g y  
of  t h e   p a r t i c l e  i s  a p p r o x i m a t e l y   e q u a l   t o   t h e  rest mass. 
S topping   power   and   range   tab les   which   inc lude   the  
d e n s i t y   e f f e c t   c o r r e c t i o n   a r e   g i v e n   f o r   p r o t o n s ,   k a o n s ,  

9 pions,   and  muons,   for  36 elements  and compounds. 

1. I n t r o d u c t i o n  

I n   t h i s   r e p o r t  we t a b u l a t e   s t o p p i n g   p o w e r s   a n d   p a r t i c l e   r a n g e s .  
K a k i n g   u s e   o f   t h e   a v a i l a b l e   e m p i r i c a l   d a t a  we f i r s t   e x p r e s s   t h e   e l e c -  
t r o n i c   s t o p p i n g   p o w e r   a s  a u n i v e r s a l   f u n c t i o n   o f  two v a r i a b l e s ,   p a r t i c l e  
energy  and mean e x c i t a t i o n   e n e r g y .  W i t h  t h e s e   v a r i a b l e s  we a r e   a b l e   t o  
s y s t e m a t i z e   t h e   c a l c u l a t i o n   o f   r a n g e s   i n   a l l   m a t e r i a l s .  The  work i s  
f u r t h e r  g e n e r a l i z e d  s o  a s   t o   a p p l y   t o   a l l   c h a r g e d   p a r t i c l e s .  

1 



When t h e   p a r t i c l e   v e l o c i t y   e x c e e d s   a b o u t   0 . 8 7 ~   t h e   d e n s i t y   o f   t h e ,  
s t o p p i n g   m a t e r i a l   b e c o m e s   a n   a d d i t i o n a l   p a r a m e t e r , a f f e c t i n g   t h e   s t o p p i n g  
power, so  t h a t , t h e   t w o - v a r i a b l e   t a b l e s   t h e n   a p p l y   o n l y   f o r   s t o p p i n g  ma- 
t e r i a l s   a t  low d e n s i t i e s .   M o r e o v e r ,   t h e   r a n g e s   i n   t h i s   , e n e r g y   i n t e r v a l  
may g r e a t l y   e x c e e d   t h e   g e o m e t r i c a l   f r e e   p a t h   f o r   n u c l e a r   i n t e r a c t i o n ,  
and  become l a r g e l y   m e a n i n g l e s s   e x c e p t   f o r  muons. F o r  s e l e c t e d  ma- 
t e r i a l s ,   s t o p p i n g  power  and  range  tables   are   given  which  take  the 
d e n s i t y   e f . f e c t   i n t o   a c c o u n t .  Some o f   t h e   t a b l e s  were prepared   no t  
o n l y   f o r   p r o t o n s   b u t   a l s o   f o r   v a r i o u s   k i n d s   o f  mesons f o r  which   the  
d e n s i t y   e f f e c t ,   a t  a g i v e n   k i n e t i c   e n e r g y ,  i s  more impor t an t .   I f  a 
n e e d   s h o u l d   a r i s e   f o r   d a t a   p e r t a i n i n g   t o   m a t e r i a l s   n o t   i n c l u d e d   h e r e ,  
our   computer   program (IBM 7094) i s  a v a i l a b l e   t o   p r e p a r e   o t h e r   t a b l e s  
s i m i l a r   t o   t h o s e   i n   t h e   p r e s e n t   r e p o r t .  

The t ab le s   t h roughou t   mos t   o f   t he   ene rgy   r ange   a r e   r e l i ab le   t o  
a b o u t   o n e   p e r c e n t .   I n   t h e  few-MeV region,   however ,   the   s topping  power 
becomes   i nc reas ing ly   s ens i t i ve   t o   t he   a s sumed  mean e x c i t a t i o n   e n e r g y  
and there i s  a l s o  a l a c k   o f   r e l i a b l e   t h e o r y ,   a t   l e a s t   f o r   t h e   h e a v y  
e lements .  

The v e r y  l o w  v e l o c i t y   r e g i o n  ( a  < 0.05) i s  not  a p a r t   o f   t h i s  re- 
p o r t ,  bu i s  t r e a t e d   i n   t h   r e v i e w   a r t i c l e s   o f   A l l i s o n  and Warshaw,g  
W h a l i n g d a n d   N o r t h c l i f f e .  27 

2. Assumptions  from  Theory 

We assume t h a t   t h e  mean energy  loss p e r   u n i t   p a t h   l e n g t h ,  t ,  of  a 
p a r t i c l e   h e a v y  compared   w i th   an   e l ec t ron  and  of u n i t   p o s i t i v e   c h a r g e ,  
c a n  be c a l c u l a t e d   f r o m   t h e   e x p r e s s i o n  

When t h e  moving p a r t i c l e  i s  a pos i t ive   pa in t -charge   o f   magni tude  
. .  

c . 7 .  , 

': ze, i t s  a v e r a g e   r a t e .  o'f ene rgy  ios's,' - {-:+) ', i s  assumed ' t o  be 
. .  

e q u a l   t o  z 1, T be ing  i t s  k i n e t i c   e n e r g y  and d s   a n   e l e m e n t   o f   p a t h .  

I n  Eq .  ( l ) ,  r = e /(mc )cm and n i s  t h e  number o f   e l e c t r o n s   p e r  cm 

2 

2 2  2 

~ p e r   u n i t   o f   p a t h   ( e x p r e s s e d   u s u a l l y '   i n  cm o r  i n  g/cm ). We a l s o  ex- 
0 2 

p r e s s   p a t h   l e n g t h s   i n   u n i t s   o f   e l e c t r o n s / c m  . 2 



The p a r t i c l e   v e l o c i t y   i n   u n i t s   o f   t h e   v e l o c i t y   o f   l i g h t  i s  
2 1/2 

symbolized  by B y  and q b / ( l  - I3 ) . The q u a n t i t y  

aTIC2T2 

i s  t h e  maximum e n e r g y   t h a t   c a n   b e   t r a n s f e r r e d  t o  a s t a t i o n a r y  un- 
bourid e l e c t r o n  by t h e   m o v i n g   p a r t i c l e  when t h e   e l e c t r o n - t o - p a r t i c l e  
mass r a t i o  i s  r. F o r  p a r t i c l e s   h e a v i e r   t h a n   e l e c t r o n s   t h i s  ex- 
p r e s s i o n   f o r  Wmax i s  approximated  by 2mc2q2. I n   f a c t ,  when t h e  
p a r t i c l e  momentum i s  so g r e a t   t h a t   t h i s   a p p r o x i m a t i o n   f a i l s ,   t h e  
moving p a r t i c l e   a l s o   p r o b a b l y   c a n n o t   b e   t r e a t e d   a s  a point-charge.  
An e l e c t r o m a g n e t i c   f o r m - f a c t o r   f o r   t h e   p a r t i c l e   t h e n   a l s o   o u g h t   t o  
be introduced.&/ 

The  mean e x c i t a t i o n   e n e r g y ,  I ,  i s  an  a tomic  parameter ,   namely 
t h e   l o g a r i t h m i c   a v e r a  e o v e r   t h e   e x c i t a t i o n   e n e r g i e s   w e i g h t e d  by t h e  
o s c i l l a t o r   s t r e n g t h s . ?   W i t h  f e w   e x c e p t i o n s ,   t h e   o s c i l l a t o r   s t r e n g t h s  
a r e   n o t  known w i t h   s u f t i c i e n t   a c c u r a c y   t o   c a l c u l a t e   I - v a l u e s ,  and 
they  must   be  determined  by  s topping  power o r  range  measurements.  

The s h e l l   c o r r e c t i o n  term, - , i s  r e q u i r e d  when t h e   v e l o c i t i e s  
* 

Z 
of a t o m i c   e l e c t r o n s   a r e   n o t   s m a l l   c o m p a r e d   w i t h   t h e   p a r t i c l e   v e l o c i t y .  
I t  h a s   i n   t h e   p a s t   b e e n  assumed t o  v a n i s h   i n   t h e  limit q -, 03 . Stopping  
power  experiments a t   h i g h   e n e r g i e s   h a v e   b e e n   u s e d   t o   d e t e r m i n e  I,  t h e  
o n l y   r e m a i n i n g   p a r a m e t e r .   R e c e n t l y   F a n o g h a s   s t u d i e d   s h e l l   c o r r e c t i o n s  
i n  more d e t a i l   i n   t h e   h i g h   e n e r g y  limit, a n d   h a s   p o i n t e d   o u t   t h a t  

" 0 - '' - h a s  a f i n i t e   b u t   s m a l l   v a l u e  when q 03 I t  i s  t h e r e f o r e  con- 
Z 

v e n i e n t   t o   i n t r o d u c e   a d j u s t e d   q u a n t i t i e s  Iadj and Cadj s u c h   t h a t  

. . .  . .  . .  
' . .  

1 '  . . .  . .  , . .  

* 
We a r e  somewhat u n s y s t e m a t i c   i n   t h i s   r e p o r t   a n d  use t h e   e x p r e s s i o n s  
! I she l l   co r rec t ion ! !   and   " t i gh t -b ind ing   co r rec t ion r t   t o   deno te   t he  same 
concept .   In   Ref .  5, t h e   e x p r e s s i o n   " i n n e r   s h e l l   c o r r e c t i o n ! !  i s  used. 

. .  , 



a d j  t - = Cn radj  t Y 

Z Z 

and t o   r e q u i r e   t h a t  C . -, 0 a s   t h e   p a r t i c l e   v e l o c i t y   a p p r o a c h e d   t h a t  
o f   l i g h t .   T h e n   i n  a f j l g e   e n e r g y   i n t e r v a l   w h e r e   t h e   p a r t i c l e   v e l o c i t y  
is well a b o v e   t h a t   o f   t h e   m o s t   t i g h t l y   b o u n d   e l e c t r o n ,   c a d j  may be 
n e g l e c t e d .  A t  l o w e r   v e l o c i t i e s   c a d '  i s  t h e   o p e r a t i o n a l l y   d e f i n e d  
q u a n t i t y   r e p l a c i n g  C w h i l e   I a d j   r e p i a c e s  I so a s   t o   m a i n t a i n  Eq. (1) 
e x a c t l y .  

I n  Eq. (1) t h e   d e n s i t y   c o r r e c t i o n  term of   S te rnhe imer  ?/ i s  a s   u s u a l  
symbolized  by 6. I t  i s  assumed  tha t ,  f o r  a m i x t u r e   o f   e l e m e n t s   w i t h  
mean e x c i t a t i o n   e n e r g i e s  I 1, 12, ..., Ik, t h e   e f f e c t i v e  mean e x c i t a t i o n  
energy  I i s  g iven   by  

k 
Cn I = c ai. l n I i ,  

i=l 

where  a.  i s  t h e - f r a c t i o n  of t h e   e l e c t r o n   p o p u l a t i o n   b e l o n g i n g   t o   t h e  
' - i t h  e led ien t .   This   equa t ion  i s  based on a d d i t i v i t y   o f   s t o p p i n g   e f f e c t s  -- 

a r u l e   t h a t  i s  r e l i a b l e   f o r   p h y s i c a l   m i x t u r e s ,   b u t   a c c u r a t e   t o  no b e t t e r  
t h a n  a few p e r c e n t   f o r  compounds.  The  mean e x c i t a t i o n   e n e r g y   o f  a com- 
pound i s  best   found  f rom  measurements  made on it. A v e r a g e s   s i m i l a r   t o  
Eq. (4 )  can   be  made f o r   t h e   s h e l l   c o r r e c t i o n s   a n d   f o r   t h e   d e n s i t y   e f f e c t .  

A t t e m p t s   t o   d e s c r i b   t h e   s t o p p i n g  power o m a t t e r   a t  low v e l o c i t i e s  
have  been made by  Bohr, z7 Lindhard   and   Schar f f ,  & a n d   o t h e r s ,   b u t   t h e   a c -  
curacy   requi red   for   energy   de te rmina t ion   f rom  range   measurements   has   no t  
been   ach ieved   by   pure   theory .   This   remains   the   mos t  c a l l eng ing   p rob lem 
o f   cu r ren t   s topp ing-power   t heo ry .  The  work  of  Walsk €2 on C ,  i n  which  he 

e f f e c t   o f   t h e  K and L e l e c t r o n i c   s h e l l s ,  i s  deemed t o  be m o s t   u s e f u l   i n  
a p r a c t i c a l   s e n s e .   B e c a u s e   a t  l o w  p a r t i c l e   v e l o c i t i e s   t h e   s h e l l   c o r -  

-- --- - 
, 

I e x t e n d s   t h e   u s e f u l n e s s  o f  Eq. (1) t o   l o w e r   v e l o c i t i e s   b y   e s t i m a t i n g   t h e  

, . r e c t i o n s  become l a r g e ,   a n d  f o r  . h e a v y   e l e m e n t s   r e l a t i v i s t i c   e f f e c t s  and 
. .  ' ' h i g h e r   s h e l l   c o r r e c t i o n s   n o t   i n c l u d e d   i n   W a l s k e  1s c a l c u l a t i o n s   a r e  

p r e s e n t ,  i t  i s  probably  unwise  to   depend  on  them  at  low v e l o c i t i e s .  We 
u s e   e m p i r i c a l   d a t a   i n   t h i s   r e g i o n ,   d e m a n d i n g ,   h o w e v e r ,   t h a t   s u c h   d a t a  
be   smoo th   w i th   r e spec t   t o   bo th   pa r t i c l e   ene rgy   and  mean e x c i t a t i o n   e n e r g y .  
The fundamental   assumption  of  smoothness i n   I a d j  i s  d iscussed   be low.  A t  
h i g h   v e l o c i t i e s  we u s e   t h e   a s y m p t o t i c   f o r m  of Wal ske ' s   co r rec t ions .  

f 

, .  
. I  . - . :..., ..  . .  



T h e   e n e r g y   l o s s   o f   h e a v y   p a r t i c l e s   b y   r a d i a t i o n  a d  t h e   e n e r g y  
t r a n s m i t t e d   i n   c o l l i s i o n s  -- e l a s t i c  and i n e l a s t i c  -- t o   n u c l e i  i s  
o m i t t e d   f r o m   c o n s i d e r a t i o n .   N e g l e c t   o f   e n e r g y   l o s s   i n   e l a s t i c   c o l -  
l i s i o n s   w i t h   n u c l e i  i s  g e n e r a l l y   j u s t i f i e d  .except f o r   p a r t i c l e s  pene- 
t r a t i n g  a s t o p p i n g   m a t e r i a l   o f  low a tomic   number .27   Ine las t ic   co l -  
l i s i o n s  ar'e  excluded i n   o u r   d e f i n i t i o n   o f   r a n g e   ( s e e   S e c t i o n  3 ) .  

3. D e f i n i t i o n   o f  Range 

Al though  the  %-angelt a s  a l o o s e   c o n c e p t   o f   t h e   d i s t a n c e  a p a r t i c l e  
g o e s   i n   b e i n g   b r o u g h t   t o  res t  i s  r a t h e r   g e n e r a l l y   u n d e r s t o o d ,  i t s  pre-  
c ise  d e f i n i t i o n   r e q u i r e s  some c a r e ,  and i t  cannot   be made with  complete  
s a t i s f a c t i o n .  

On the   one   hand ,   t he   r ange   o f  a h e a v y   p a r t i c l e  i s  on ly   we l l -de f ined  
when i t  i s  de te rmined   so l e ly   by   ene rgy  loss t o   e l e c t r o n s   b e c a u s e   t h i s  
loss is n e v e r   v e r y   l a r g e   i n  a s i n g l e   c o l l i s i o n .  I n  the  measurement   of  
t h e   r a n g e ,   t h e n ,   g a r t i c 1 e s . t h a t   h a v e   s u f f e r e d   c a t a s t r o p h i c   e n e r g y   l o s s e s  
to   nuc le i   mus t   be   exc luded   and   s econda ry   pa r t i c l e s   wh ich   a r e   p roduc t s   o f  
s u c h   n u c l e a r   i n t e r a c t i o n s   a l s o   m u s t   b e   e l i m i n a t e d .   P r a c t i c a l l y ,   t h e  
e f f e c t s   o f   n u c l e a r   i n t e r a c t i o n s   c a n   b e   l a r g e l y   a v o i d e d   i n   f l g o o d   g e o m e t r y "  
exper iments ,   a l though some r e m a i n i n g   c o r r e c t i o n s  may need t o  be   appl ied .  

On t h e   o t h e r   h a n d ,  a t h e o r e t i c a l   e s t i m a t e  of t h e   d i s t a n c e   t h a t  a 
. c h a r g e d   p a r t i c l e   o f   e n e r g y  To goes i n  coming t o  res t  i s  most  simply 

c a r r i e d   o u t  by t h e   i n t e g r a t i o n  

Here ($} , found  from E q .  (l) ,  i s  t h e  mean e n e r g y   l o s s   t o   e l e c t r o n s  

p e r   u n i t   p a t h   l e n g t h .   T h e   p a r t i c l e  i s  b r o u g h t   t o  r e s t ,  however, by a 
'series o f   e l e c t r o n   c o l l i s i o n s ,   e a c h   o f   f i n i t e   e n e r g y   t r a n s f e r .  When a de- 
t a i l e d   a n a l y s i s   o f   t h i s   p r o c e s s  i s  made, Eq.  (5 )  i s  found   t o   unde res t ima te  
the  range.  The a v e r a g e   p a t h   l e n g t h  R o f   t h e   p a r t i c l e  i s  given  by 
R = R o ( l  + E ) .  A t  low e n e r g i e s ,  8 X 2r/B. Here B i s  the   b racke ted  
qlJanti  tu$ q.  (1) e v a l u a t e d   a t  T = To and r i s  t h e   m a s s   r a t i o   d e f i n e d  
above. The c o r r e c t i o n  i s  m o s t   i m p o r t a n t   f o r   t h e   l i g h t e s t   p a r t i c l e s ,  
bu t  seldom  exceeds 0.001. The s t o c h a s t i c   n a t u r e  of  t h e   p r o c e s s   l e a d s   t o  
a d i s p e r s i o n  of  t h e   e n e r g y   l o s s e s   e x p e r i e n c e d   i n   t r a v e r s i n g   a n   a b s o r b e r ,  

' . .  . .  
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and i s  t h e   c a u s e   o f   r a n q e   s t r a g q l i n g .  R o y  t h e n ,  i s  no t   t he   r ange   bu t  
r a t h e r  a q u a n t i t y   d i f f e r i n g   b u t  l i t t l e  from i t  which we s h a l l   c a l l   t h e  
c .s .d .a .   (cont inuous  s lowing down approximat ion)   range .  The t a b l e s  
of t h i s   r e p o r t   a r e   b a s e d   o n   t h i s   d e f i n i t i o n ,   b u t  we a l s o   d e f i n e   t h e  
r a n q e ,  R ( T o )  of a p a r t i c l e   w i t h   i n i t i a l   e n e r g y  To a s   t h e   a v e r a q e   l e n q t h  
o f   t h e   p a t h s   o f  mafly s u c h   p a r t i c l e s   w h i c h   a r e   b r o u q h t   t o   r e s t   w i t h o u t  
e x p e r i e n c i n g   n u c l e a r   i n t e r a c t i o n s .  

- 
I- I__- -- 

O f t e n  a median   range ,  Rm, h a s   b e e n   d e f i n e d   a s   t h e   t h i c k n e s s   o f  
mater ia l   th rough  which   one-ha l f   o f   the   inc ident   monoenerge t ic   charged  
p a r t i c l e s   a r e   t r a n s m i t t e d .  We d o   n o t   a d o p t   t h i s   r a n g e   d e f i n i t i o n   f o r  
t h e   f o l l o w i n g   r e a s o n s :  

( a )  Our r a n g e  R i s  t h e   o n e  more c l o s e l y   r e l a t e d   t o   t h e   q u a n t i t y  
R c a l c u l a t e d   f r o m   s t o p p i n g   t h e o r y .  

0 

(b )   Th i s   med ian   r ange   depends   no t   on ly   on   i n t e rac t ions   w i th   e l ec -  
t r o n s ,  bu t  a l s o   o n   m u l t i p l e   s c a t t e r i n g   d e t o u r s   d u e  t o  n u c l e a r  
i n t e r a c t i q n s ,   b o t h   e l a s t i c  and i n e l a s t i c .   T h e s e   m u l t i p l e  
s c a t t e r i n g   e f f e c t s   a r e   s e n s i t i v e   t o   t h e   a r r a n g e m e n t   o f   s o u r c e  
and d e t e c t o r ,  and t h e   c o r r e c t i o n  i s  p e c u l i a r   t o   t h a t   g e o m e t r y .  

( c )  The median  range i s  d e f i n e d   w i t h   r e s p e c t   t o  a t r a n s m i s s i o n  
curve.  A t  h igh   ene rg ie s ,   however ,   t he   r ange   becomes   g rea t e r  
t h a n   t h e  mean f r e e   p a t h   f o r   n u c l e a r   i n t e r a c t i o n ,   a n d   t h e  
med ian   r ange   t hen   measu res  a n u c l e a r   a t t e n u a t i o n   d i s t a n c e .  

When t h e   p a t h   o f   t h e   p a r t i c l e  i n  t h e   s t o p p i n g   m a t e r i a l  i s  n o t   v i s i b l e ,  
t h e   e f f e c t s   o f   s c a t t e r i n g  and n u c l e a r   i n t e r a c t i o n s   r e q u i r e   d i f f i c u l t   c o r -  
r ec t ions .   In   such   v i sua l   i n s t rumen t s   a s   bubb le   and   c loud   chambers ,   a s  
w e l l . a s   i n   e m u l s i o n ,   t h e   w h o l e   p a r t i c l e   p a t h  i s  seen .   Such   v i sua l   r anges  
a r e   d i s t i n c t l y   b e t t e r  thari' the   non-v isua l   ones .   In   emuls ion ,   for   example ,  
t he   r ange - s t r agg l in ' g   cu rve  i s  o b t a i n e d   w i t h o u t   s c a t t e r i n g   e r r o r ,   a n d  
f o r m u l a s   f o r   s c a t t e r i n g   e f f e c t s   c a n   b e   c h e c k e d   e x p e r i m e n t a l l y .   T h e   g a s  
of t he   c loud   chamber   can   b r ing   t o  r e s t  o n l y   q u i t e   s l o w   p a r t i c l e s ,   h o w e v e r ,  
w h i l e  low e n e r g i e s   c a n n o t   b e   m e a s u r e d   i n  a bubble  chamber  because  the 
b u b b l e   s i z e   t h e n  may be   comparable   to   the   range .  An u n c e r t a i n t y   r e g a r d -  

of   bubble- t rack   format ion .   Never the less ,   bubble   chamber   ranges   a re  po- 
t e n t i a l l y  of g r e a t   v a l u e ;   i n   t h i s   r e p o r t   r a n g e   a n d   s t o p p i n g  power d a t a  
f o r  b u b b l e   c h a m b e r   l i q u i d s   a r e   g i v e n   i n   T a b l e  IV. 

? i n g   t h e   l i q u i d   d e n s i t y  may a l s o   e x i s t   u n d e r   t h e   t h e r m o d y n a m i c   c o n d i t i o n s  

4. S c a l i n g  of  t h e  Range 

I t  i s  conven ien t   t o   s epa ra t e   t he   r ange -ene rgy   p rob lem  in to  two p a r t s .  
The f i r s t  is: ( a )   G i v e n   f o u r   o f   t h e   f i v e   q u a n t i t i e s :   e n e r g y ,   m a s s ,  
charge,   range  and mean e x c i t a t i o n   e n e r g y ,   t o   f i n d   t h e   f i f t h .  The second 



problem i s  ( b )  For a s p e c i f i e d   m a t e r i a l ,   t o   c a l c u l a t e   f r o m  i t s  
p h y s i c a l   a n d   c h e m i c a 1 " s t a t e   t h e  mean e x c i t a t i o n   e n e r g y .  

I t  w a s   f o u n d   p o s s i b l e   t o   c a r r y   o u t   p a r t   ( a )   p r o v i d e d   c e r t a i n  
approx ima t ions   a r e  made. P a r t   ( b )  i s  n o t   t r e a t e d ,   b u t  i s  the   sub-  
j e c t  of   accompanying   repor t s .  

R a n g e s   m o s t   f r e q u e n t l y   a r e   t a b u l a t e d   f o r   p r o t o n s ,   b u t  when 
both   range   and   energy   a re   normal ized  by t h e   a p p r o p r i a t e   m a s s   r a t i o ,  
t h e   r a n g e - e n e r g y   r e l a t i o n  i s  t h e  same f o r   a l l   h e a v y   s i n g l y - c h a r g e d  
p o s i t i v e   p a r t i c l e s   p r o v i d e d   t h a t   t h e  weak mass-dependence  of  the 
energy- loss - ra te  i s  n e g l e c t e d .  We f i n d   t h e   r a n g e s  o f  muons, p i o n s ,  
kaons,   and  hyperons i n   t h i s  way. Ranges   o f   heavy   hydrogen   nuc le i ,  
mu l t ip ly -cha rged   nuc le i ,   and   hype rnuc le i   can   a l so   be   cons ide red  
w i t h i n   t h e   s c o p e   o f   t h i s   r e p o r t .  Many r a n g e - e n e r g y   r e l a t i o n s h i p s ,  
t h e r e f o r e ,   c o r r e s p o n d   t o   e a c h   s t o p p i n g   m a t e r i a l .  We encompass  them a l l  
b y   w r i t i n g ,   f o r   e a c h   p a r t i c l e   r a n g e ,  R ( P ) ,  i t s  r e l a t i o n   t o   t h e   i d e a l  
p ro ton   r ange :  

(An " i d e a l "   p r o t o n  i s  a pa r t i c l e   o f   p ro ton ic   mass   and   cha rge   wh ich  
d o e s   n o t   c a p t u r e   e l e c t r o n s  o r  i n t e r a c t   s t r o n g l y   w i t h   n u c l e i . )  

I n  Eq. (6) M and z a r e   t h e   p a r t i c l e   m a s s   a n d   c h a r g e  i n  u n i t s   o f  
t h e   p r o t o n .  The q u a n t i t y  A(@) i s  t h e   r a n g e   o f   t h e   i d e a l   p r o t o n   a s  a 
f u n c t i o n   o f  i t s  ve1 ,oc i ty  j3. The term B, i s  added t o   e v a l u a t e   t h e  
r a n g e   e x t e n s i o n   c a u s e d   b y   t h e   c a p t u r e  of  e l e c t r o n s   b y  a p o s i t i v e  
p a r t i c l e   o f   c h a r g e   z e .  The   expres s ion  X -t B1 i s  t h e   r a n g e   o f  a r e a l  

. ' p r o t o n :   P r a c t i c a l l y ,  i t  i s  h a r d l y '   d y s t i n g u i s h a b l e   f r o m  X. 

If t h e   p a r t i c l e   c h a r  e i s  nega t ive ,   and   t he   ve1oc i t . y  i s  n o t   v e r y  
h i g h ,   t h e r e  i s  evidence12 2 t h a t  i t s  energy  loss r a t e  i s  lower   t han  
t h a t   o f  a p o s i t i v e   p a r t i c l e .   W h i l e  more s t u d y   o f   t h i s   e f f e c t  will be 
n e c e s s a r y   f o r  i t s  f u l l   e v a l u a t i o n ,  i t s  in f luence   can   be   i nc luded  
f o r x a l l y   i n  Eq. (6) b y   i n t r o d u c i n g  a r a n g e   e x t e n s i o n  B,l. 



where z e i s  t h e   c h a r g e   e f f e c t i v e   f o r   e n e r g y  loss of  a n   i o n  of 
x - 

number Z .  S t a t e d   o t h e r w i s e ,  zit' i s  e q u a l   t o  T / r ,  where T i s  
t h e   r a t e   o f   e n e r g y   l o s s   o f   t h e   i o n ,   a n d  I i s  t h e   r a t e   o f   e n e r g y  
loss o f   a n   i d e a l   p r o t o n   a t   t h e  same v e l o c i t y .   T h e r e  i s  c o n s i d e r a b l e  
evidence%/ t h a t   i n   h i g h   d e n s i t y   m a t e r i a l s ,  and a t   n o t   t o o  low 
v e l o c i t i e s ,  z* i s  a lmos t   i ndependen t   o f   t he   ma te r i  1. We t a k e   a n  
approx ima te   r e su l t   f rom  the   emul s ion   measu remen t  4 J 

' t o g e t h e r   w i t h  a s imple   l ow  ve loc i ty   p ro ton   r ange -ene rgy   r e l a t ion ,  

h = (11.1 + 1.34,.Iadj 5/8) - 8  A g/cm2 . 
Z 

From these   fo rmulas  we o b t a i n   a n   e s t i m a t e   o f   t h e   r a n g e   e x t e n s i o n   i n  
a m a t e r i a l   o f  mean exc i t a t ion   ene rgy   I ad .9   a tomic   we igh t  A,  and  atomic 
number Z. I t  i s  found t o   b e   p r o p o r t i o n a i   t o  8: 

' 8  
. .  , . .  



T h i s   r a t h e r   c r u d e   f o r m u l a   a p p r o x i m a t e s   t h e   r a n g e   e x t e n s i o n   f o r  
B < 22/13?. F o r  f3 > 22/13? t h e   i o n  i s  comple t e ly   s t r i pped   o f  
e l e c t r o n s   a n d   t h e   r a n g e   e x t e n s i o n   b e c o m e s   a n   a d d i t i v e   c o n s t a n t  
of  magnitude: 

B ( a s y m p t o t i c )   . i n   e m u l s i o n  i s  a t   l e a s t  35 x 10-4 A g/cm 2w , -1 Z 

More expe r imen ta l   s tudy   o f   t he   r ange   ex tens ion ,  B,, e s p e c i a l l y  
f o r  heavy  e lement   absorbers   and   for   very   heavy   ions   o f   course   would  
b e   d e s i r a b l e .  The above   fo rmulas   a r e   based   l a rge ly   on   emul s ion   da t a  
f o r  a few i o n s   o f   l i g h t   e l e m e n t s .  When t h e   i o n  i s  of  hig'h  atomic 
number, a f i n i t e   p a t h   l e n g t h  may b e   t r a v e r s e d   b e f o r e   t h e   i o n   a t t a i n s  
an   equ i l ib r ium  cha rge .   Then  B, and R will d e p e n d   a l s o   o n   t h e   i n i t i a l  
c h a r g e - s t a t e   o f   t h e   i o n .  

' An e s t i m a t e   o f   t h e   r e l i a b i l i t y  of Eq. (6) could   reasonably   be  
demanded.   Experimental iy   the  mass   dependence  has   been  tes ted f o r  
muons ,   p ions ,   kaons ,   p ro   tons ,  Cs hyperons ,   deuterons   and  trit  ns 
a s  well as   hydrogen-3   and   hydrogen4  hyper f ragments .  ~3,14,15,19,13,18,19,20,21/ 
The  mass  dependence  of Eq. (6) a t   n o n r e l a t i v i s t i c   v e l o c i t i e s   a p p e a r s  t o  
b e   r e l i a b l e   t o   a b o u t  a p a r t   i n  1000, b u t  it i s  no t   t hough t   t o   be   exac t .  
Accord ing   t o  Eq. (2)  p a r t i c l e  mass e n t e r s  when t h e   e l e c t r o n   m a s s  i s  not  
s t r i c t l y  n e g l i g i b l e   c o m p a r e d   w i t h " i t .   E s p e c i a l l y   f o r   m e s o n s  a smal l  
e f f e c t   o f   t h e   e l e c t r o n / p a r t i c l e  mass r a t i o ,  r ,  remains .   Ef fec ts   o f  
t h e   p a r t i c l e / n u c l e u s   m a s s   r a t i o   a l s o   e x i s t .   C h e c k s   t h a t   h a v e   b e e n  made 
used   emul s ion   a s   t he   s topp ing   ma te r i a l   and   d id   no t   adequa te ly  t e s t  t h e  
form  of Eq. (6) f o r  a s topp ing   ma te r i a l   o f   such   l i gh t   a toms   a s   hydrogen .  
Here a m a s s - d e p e n d e n t   c o n t r i b u t i o n   t o   t h e   s t o p p i n g  is e x p e c t e d d  

A l t h o u g h   e l e c t r o n   r a n g e s   a r e   n o t  a p a r t   o f   t h i s  r w r t  ( t h e y   a r e  
t r e a t e d   s e p a r a t e l y  by M. J. Berger  and S. M. S e l t z e r ) ,  it i s  of 
some i n t e r e s t   t o   o b s e r v e   t h a t   e m u l s i o n   r a n g e s  of e l e c t r o n s   w i t h   t e n s  
and  hundreds of  keV energy  seem t o   b e   f o u n d   a s  well from Eq. (6)  a s  
f r o m   f o r m u l a s   s p e c i f i c a l l y   d e v e l o p e d   f o r   e l e c t r o n s ,   b u t   t h e   l a r g e  
s c a t t e r i n g ,   s t r a g g l i n g ,  and r a d i a t i o n   e n e r g y - l o s s   o f   e l e c t r o n s   r e d u c e s  
t h e   u s e f u l n e s s   o f   e l e c t r o n   r a n g e   d a t a .  

. .  

? 
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The  dependence a t  modera t e   ene rg ie s   o f   t he   r ange   on   neg lec t ed  
p a r t i c l e   s t r u c t u r e - c h a r a c t e r i s t i c s  (form f a c t o r s )   a l s o   c a n n o t   b e  
more  than a few t e n t h s   o f  a p e r c e n t   i n   v i e w   o f   t h e  t es t s  c i t e d .  

The i n f l u e n c e s   m e n t i o n e d   a r e   a l l   s m a l l ,  so  t h a t  we s h a l l  assume 
t h a t   t h e   p u r p o s e  of  o u r  work will have   been   se rved  when t h e   r a n g e  X 
o f   a n   i d e a l   p r o t o n   a s  a f u n c t i o n  of  p a r t i c l e   v e l o c i t y ,  8 ,  i s  known. 
For  o t h e r   p o s i t i v e   p a r t i c l e s ,   t h e   q u a n t i t y  M/z2 i s  g i v e n   i n   T a b l e  1. 

Table  1. The q u a n t i t y  ivi/z;" f o r   p a r t i c l e s  of 
one  and two u n i t s   o f   c h a r g e  

P a r t i c l e  

t 
e 

P+ 
t 

IT 

Kt 

P 

c+ 

d 

t 

He 3 

He ' 4  

He 6 

hH 

A H4 
AHe 

4 

5 
,ZHe 

AHe 
7 

z 

+1 

+1 

+1 

tl 

+1 

+1 

+1 

+1 

+2 

+2 

+2 

+1 

+1 

+2 

4-2 

+2 

M/Z2  

0.00054463 

0.11261 

0.14878 

0 5264 

1.0000 

1.2677 

1.99901 . 

2 99372 

0 74829 

0 9931 5 

1 e4935 

3.1877 

4.1802 

1 0449 

1.2896 

1.7899 
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5. Sources   and Use of  Experimental   Data 

I n   o r d e r   t o  p:epare t h i s   r e p o r t ,   t h e  mean e x c i t a t i o n   e n e r g y  
and  low-energy  ranges  needed t o  be known q u i t e  well o n l y   f o r   c e r t a i n  
key  e lements .  F o r  t h e s e ,   e m p i r i c a l   d a t a  were a v a i l a b l e ,   b u t  more 
and b e t t e r   i n f o r m a t i o n  wou ld   have   been   ve ry   u se fu l .   The   f i na l   t ab l e  
h o w e v e r ,   a r e   i n s e n s i t i v e   t o   e r r o r s   i n   t h e   e s t i m a t e d  mean e x c i t a t i o n  
e n e r g i e s   e x c e p t   a t  low  energ ies .  

The a v a i l a b l e   c o m p i l a t i o n   o f   i n f o r m a t i o n   i n c l u d e   t h e   f o l l o w i n g :  
Early  measurements  were rev iewed  in   the   repor t   " Index   and   Annota ted  

hy  of  Range  and  Stopping  Cross-Section  Datatt   by Brown and 
J a r m l e .   T h i s   c o n t a i n s  a comprehens ive   b ib l iog raphy   o f   ea r ly  
measurements.   -energy  region was thoroughly  reviewed  most 
r ecen t ly   by   WhaTkg :y  The previous  . review  by  All ison  and Warshaw, A/ 
however ,   r ema ins   va luab le   fo r   s to   p ing -power   i n fo  . Heavy i o n  
da ta   a r e   r ev iewed   by   Nor thc l i f f e3   and  by  A l l i s o  a s   p a r t  of t h e  
cu r ren t   work .  The Nat iona l   Bureau   of   S tandards  Handbook 79 c o n t a i n s  
u s e f u l   i n f o r m a t i o n ,   a n d  many r e f e r e n c e s .  R .  M. S t e r n h e i m e r l s   r e v i e  @ 
of   energy- loss   formulas ,   I -va lues ,   and   ion iza t ion- loss   exper iments  i s  
r e l evan t   t o   a l l   t hese   rob lems .   Be the   and   Ashk in ' s   Pas sage   o f   Rad ia -  
t i o n   t h r o u q h   M a t t e r , d   I J e h l i n q  l s  P e n e t r a t i o n  of  Heav C h a r q e d   P a r t i c l e s  - i n   M a t t e r a , 2 / /  and t h e   a c c o m p a n y i n g   a r t i c l e  - by -33 Fano  summarize  the 
u s e f u l   t h e 0  y. The o l d e r  w k of Bohr.?/ a s  well a s   t h e  work of Lindhard 
and  Scharff  B/ and   o f   Brand t -   con t r ibu te   t o   t he   t heo ry   bu t   a r e .   no t  im- 
m e d i a t e l y   u s e f u l   f o r   a c c u r a t e   r a n g e   c a l c u l a t i o n s .  

4 

2.5 

F o r  t h i s  work we h a v e   r e f e r r e d  t o  t h e   f o l l o w i n g   e x p e r i m e n t a l   d a t a :  

a)  measurements  quoted i n   t h e   r e v i e w   a r t i c l e s   c i t e d   a b o v e ,  

b )  the   range  measurements  by Zre lov   and   S to l e tov ,  30/ 
c )  co r rec t ed   r e l a t ive   r ange   measu remen t s   by   Rybakov ,  31/ 

> 

d )   e n e r g y  loss and  range  measurements made i n  emulsion; 
aluminum,  copper,  lead  and  uranium  by  Barkas e t  a l ,  

e )  the   measurements   by   MacKenzie   and   h i s   co l labora tors ,  35/ 
f )  t hose   by   N ie l sen .  w 

32, 33 341 

I m p o r t a n t   a i d   i n   t h i s   t a s k  was o ined  f rom  the  measurements   and ex- 
t e n s i v e   c a l c u l a t i o n s  of  B i c h s e l ,  b a s e d   i n   p a r t   o n   h i s  o 
o n   t h e   t h e o r e t i c a l  work   of   Wa1ske .g   Ear l ie r ,  
c a l c u l a t e d   p r o t o n   r a n g e s   i n   s e v e r a l   e l e m e n t s   a n d   a l s o   g a v e   a n   i n t e r p o l a -  
t i o n   p r e s c r i p t i o n   b a s e d  on the   smoo thness   a s  a f u n c t i o n  of Z of t h e  
e l e c t r o n i c   s t o p p i n g   c r o s s   s e c t i o n .  



F o r  p a r t i c l e   v e l o c i t i e s   c o m p a r a b l e   t o  o r  h i g h e r   t h a n   t h a t  
o f   t h e  K e l e c t r o n s   o f   t h e   s t o p p i n g   m a t e r i a l ,   c a d j  . is small   and 
may be   e s t ima ted   f rom  theo ry .  The  mean e x c i t a t i o n   e n e r g y   c a n  
be   de te rmined   then   by   measur ing  t and   so lv ing  Eq. (1) f o r   I a d j .  
With i t  one i s  a b l e   t o  make l i m i t e d   e x t r a p o l a t i o n s   a n d   t o  
i n t e r p o l a t e   e n e r g y - l o s s   r a t e s   b y   m e a n s   o f   t h e   t h e o r y .  A t  lower 
v e l o c i t i e s  m o r e   r e l i a n c e   m u s t   b e   p l a c e d   o n   t h e   c o r r e c t i o n   f o r  
t i g h t   b i n d i n g ,   a r d   t h e   r e s u l t i n g   v a l u e   o f   I a d j  i s  less  r e l i a b l e .  
The d i f f i c u l t y  is  a g g r a v a t e d   a s   t h e   a t o m i c  number rises because 
t h e   s h e l l   c o r r e c t i o n s  become l a r g e r .  

I n   t h e   i n t e r m e d i a t e - v e l o c i t y   r e g i o n ,   o n e   o b s e r v e s   d e v i a t i o n s  
from Eq. (1) i f   C a d j  i s  set  e q u a l   t o   z e r o .  The theo ry   he re   can  
a c t   a s  a gu ide '   one   demands   t ha t   t he   dev ia t ion   be  a smooth f u n c t i o n  
of velocity..&? S i n c e   t h e   c a l c u l a t i o n s  of c a d j   a r e   i n a d e q u a t e   f o r  
heavy  e lements ,  a t   t h e   l o w e r   e n e r g i e s   o n l y   e m p i r i c a l   d a t a  seem 
r e l i a b l e .   I m p r o v e d   e f f i c i e n c y  i s  be l i eved   t o  have been  attained 
i n   t h e   u t i l i z a t i o n  of  such  measurements in   the   p resent   Repor t .  
The o b s e r v a t i o n s ,   o f . c o u r s e ,   a r e   t h e  anchor  points of  the t h e o r e t i c a l  
c a l c u l a t i o n s .  I t  h a s   b e e n   u s u a l   t o  demand tha t   the   measurements  
d e f i n e  a smooth  range-energy  curve  for  a g i v e n   s t o p p i n g   m a t e r i a l .  
Now i t  i s  f u r t h e r  assumed t h a t ,   w i t h   c e r t a i n   r e s e r v a t i o n s ,   t h e   r a n g e  
measured i n   e l e c t r o n s   p e r  cm2 i s  a l s o  a smooth  funct ion  of  mean 
e x c i t a t i o n   e n e r g y   f o r   e a c h   p r o t o n   e n e r g y .  P.n e f f o r t   h a s   b e e n  made 
t o  f i t ,   w i t h   t h e o r e t i c a l   i n t e r p o l a t i o n ,  a s m o o t h   s u r f a c e   t o   t h e  two- 
p a r a m e t e r   r a n g e   d a t a .  The requi rement   o f   smoothness   in   bo th   parameters  
i s  a p o w e r f u l   m e a n s   f o r   r e s o l v i n g   i n c o n s i s t e n c i e s   i n   e m p i r i c a l   d a t a .  

I n  o rde r   r a t iona l ly   t o   employ   smoo thness   o f   ene rgy  loss r a t e  
w i t h   I a d j ,   t h e   b a s i s   f o r  and l i m i t a t i o n s  of such a pos tu l a t e   mus t   be  
d i s c u s s e d .  First, o n e   n o t g s   t h a t  when t h e   r a n g e s   ( i n   e l e c t r o n s  per cm2) 
f o r  a series of s i m i l a r   e l e m e n t s   a t  a g i v e n   e n e r g y   a r e   g r a p h e d   a s  a 
f u n c t i o n  o f  Z, t h e y   d e f i n e  a h cu rve .   Thus ,   fo r   example ,   t he  

. r a n g e s   a t  8 MeV g i v e n   b y   f o r   t h e   n o b l e   g a s e s   b e h a v e   i n   t h i s  
way. The ser ies  of m e t a l s  Be, A l ,  Cu, Ag,  Au, Pb and U i s  f o u n d   t o  

e f f e c t i v e  mean e x c i t a t i o n   e n e r g y  of t y p i c a l   m e t a l s  i s  perhaps 6% l ess  

gas   curve.  On c o r r e c t l y   c h o o s i n g   I a d j   v a l u e s   a n d   r e p l o t t i n g   t h e   d a t a  
a s  a f u n c t i o n  of I a d j   o n e   f i n d s   t h e   c u r v e s   a l m o s t   c o i n c i d e .  Were c,dj , 
which  depends  on Z, s t r i c t l y  a func t ion   o f   I ad j ,   t he   cu rves   wou ld  
c o i n c i d e .   C o n c e p t u a l l y   t h e   " s h e l l 1 '   c o r r e c t i o n s   c o u l d   b e   e x t e n d e d   t o  
the   va l ence   and   conduc t ion   e l ec t rons .   Then  i t  is  m a i n t a i n e d   t h a t  Cadj 
would   be   c lose ly  a f u n c t i o n   o n l y  of I ad j   and  q. 

. d e f i n e  a smooth   locus   somewhat   be low  tha t   o f   the   noble   gases .   The  - 
1 t han   one   wou ld   p red ic t   f rom  the i r   a tomic   numbers   on   u s ing   t he   nob le  
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Thompson f i r s t   d e t e c t e d   a p p a r e n t   d i f f e r e n c e s   i n   s t o p p i n g   p o w e r s  
tha t   depend   on   mo lecu la r   b ind ing   i n  a series o f   s e l e c t e d   m a t e r i a l s .  29/ 
There i s  known t o   b e  a dependence  of  the mean e x c i t a t i o n   e n e r g y   o n   t h e  
a v e r a g e   e l e c t r o n   d e n s  y i n   t h e   s t o p p i n g   m a t e r i a l ,   a s   p r e d i c t e d  by 
Lindhard  and  Scharff  .@ I f   t h e   e l e c t r o n   d e n s i t y   i n  a series of   e lements  
were n o t   t o   i n c r e a s e   s m o o t h l y   w i t h ' i n c r e a s i n g   a t o m i c   n u m b e r ,   o n e   c o u l d  
n o t   e x p e c t  a smooth v a r i a t i o n   o f   s t o p p i n g  power p e r   e l e c t r o n   w i t h  Z. 
Burkig  and M a c K e n z i a   o b s e r v e d   d e v i a t i o n s   f r o m  a smooth  dependence  on 
a tomic  number  of e l e c t r o n i c   s t o p p i n g  power i n  a s y s t e m a t i c   s t u d y   o f  
many elements .  The e lements   Ca ,  T i ,  V and Th a s  well a s   t h e   n o b l e  
gases   appear   to   be   anomalous .  

C h e m i c a l   b i n d i n g   e f f e c t s   a r e   l i m i t e d   p r i m a r i l y   t o   l i g h t   e l e m e n t s  
and  low p a r t i c l e   e n e r g i e s .  The v a l e n c e   e l e c t r o n s   i n   t h e s e   c a s e s  
c o n s t i t u t e  a l a r g e   f r a c t i o n  of a l l   t h o s e   p a r t i c i p a t i n g   i n   t h e   s t o p p i n g .  
I n   t h e   l i g h t   e l e m e n t s ,   t i g h t - b i n d i n g   c o r r e c t i o n s   a r e   s m a l l ,  so t h a t   t h e  
s topp ing   behav io r   o f  a compound of  such  elements is  a l m o s t   e n t i r e l y  
de te rmined   by   the  mean exc - i t a t ion   ene rgy   even  i f ,  f o r  a g iven   e l emen t ,  
i t  v a r i e s   f r o m  compound t o  compound. 

When I a d j  i s  de te rmined   by   t he   h igh -ve loc i ty   s topp ing   behav io r  
of t h e   m a t e r i a l ,   t h e   r a t e s   o f   e n e r g y   l o s s   c a l c u l a t e d   f r o m  Eq.  (1) f o r  
h i g h   v e l o c i t i e s   a r e   e x a c t   b y   d e f i n i t i o n .   I n   o r d e r   t o   e x p r e s s  i every-  
where   as  a func t ion   o f   I ad   and  q, c a d j   m u s t   r e m a i n   e x p r e s s i b l e   a s  a 
f u n c t i o n   o f   t h e m ,   e v e &   a t  J ow veloci t ies   where  Cadj   becomes  more  than 
a mere c o r r e c t i o n .  As ind ica t ed   above ,   such   an   expres s ion   o f   cad j  i s  
on ly   approx ima te .   Neve r the l e s s ,  when t h e   c o r r e c t  mean e x c i t a t i o n  
e n e r g y   f o r   a n   e l e m e n t  i s  u s e d ,   t h e   e r r o r   i n t r o d u c e d   o n   e x p r e s s i n g   t h e  
s h e l l   c o r r e c t i o n   a s  a f u n c t i o n  of I ad j   and  T) i s  a t   w o r s t   t h a t   a r i s i n g ,  
from the   use   o f  a s h e l l   c o r r e c t i o n   t h a t  i s  more a p p r o p r i a t e  
ne ighbor ing   e lement  -- a n   e r r o r ' o f   s e c o n d   o r d e r .  
-_I---- --- 2 5  

For a c o m p o s i t e   m a t e r i a l   t h e   u s e   o f   t h e  same v a l u e   o f   I a d j   i n   t h e  
s h e l l   c o r r e c t i o n   f o r m u l a   a s   t h a t   d e $ i v e d   f r o m   t h e   h i g h - v e l o c i t y   e n e r g y -  

' l o s s  r a t e - a l s o  i s  j u s t i f i e d   o n l y   a s   a n   a p p r o x i m a t i o n .   S u c h   m a t e r i a l s  
a s  a n i m a l   t i s s u e  o r  h y d r o c a r b o n s   a r e   c h i e f l y  composed o f   l i g h t   e l e m e n t s  

, f o r   w h i c h   t h e   s h e l l   c o r r e c t i o n s   a r e   s m a l l   i n   a n y   c a s e .  The  most  extreme 
example   o f   p rac t ica l   impor tance  i s  nuclear  rese 'arch  emulsion,  which  con- 
s is ts  o f   c rys t a l s   o f   heavy   e l emen t s  embedded i n  a l i gh t - e l emen t   ma t r ix .  
The r ange   cu rve   he re   co r re   ponds  well t o  no s i n g l e  mean e x c i t a t i o n  
e n e r g y   a t   a l l   v e 1 o c i t i e s . d  A s i m p l e r  way t o   t r e a t   t h i s   c a s e  i s  t o  
n o t e   t h a t   t h e   r a n g e ,  R ,  i n   a n  n-component m a t e r i a l  i s  found  wi th  good 
accuracy  f rom  the  formul  ad 

. . .  
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Here R .  i s  t h e   c a l c u l a t e d   r a n g e   i n   t h e   i t h   c o m p o n e n t   a n d ,   i f   t h e  
r a n g e s l a r e   e x p r e s s e d   i n  g/cm2, f i  i s  t h g   f r a c t i o n   b y   w e i g h t   o f   t h a t  
c o n s t i t u e n t  of t h e   s t o p p i n g   m a t e r i a l .   T h i s   f o r m u l a ,   w h i l e   n o t  
r i g o r o u s l y   d e r i v a b l e ,  i s  v e r y   a c c u r a t e ,  and i n t e g r a t i o n  i s  avoided'. 

A t  low v e l o c i t i e s   o u r   d a t a   a r e   e n t i r e n   e m p i r i c a l ,   b u t   h a v e  
b e e n   s u b j e c t e d   t o  a sys t ema t i c   smoo th ing .  The r e q u i r e m e n t   t h a t  
t h e   s t o p p i n g  power  be a f u n c t i o n  o f   b o t h   v a r i a b l e s ,   I a d j   a n d  q, 
t e n d s   t o  make e v e r y   p o i n t   o n   t h e   r a n g e  o r  s t o p p i n g  power s u r f a c e  
depend  on all t h e   d a t a   u s e d   t o   c o n s t r u c t   t h e   s u r f a c e .  The smooth ing-  
procedure  made u s e  of t he   expe r imen ta l   va lues   o f   t he   s topp ing   power  
a s  well a s  of t he   r ange .  

S h e l l   c o r r e c t i o n s   f o r   m e d i a   o f   l o w   a t o m i c   n u m b e r ,   a t   e n e r g i e  
below 8 MeV, were e s t i m a t e d   u s i n g   t h e  nomogram o f   F a n o ' s   a r t i c l e  27 
(F ig .  6) which i s  - i n   t u r n  - b a s e d   o n   t h e   a n a l y s i s   o f   t h e   a v a i l a b l e  
e x p e r i m e n t a l   d a t a .   T h e s e   e s t i m a t e s  were a d j u s t e d   t o   b e   c o n s i s t e n t  
w i t h  o u r  s h e l l   c o r r e c t i o n s  (Eq. 16) a t  8 MeV. The magni tude   o f   these  
s h e l l   c o r r e c t i o n s  i s  s m a l l ,  so t h a t   e v e n   o u r   n e c e s s a r i l y   r a t h e r   r o u g h  
e s t i m a t e s   a r e   a d 2 q u a t e .   I n s e r t i n g   t h e   s h e l l   c o r r e c t i o n s   i n t o   t h e  
s topping   power   formula ,   ranges  were t h e n   c a l c u l a t e d   n u m e r i c a l l y   f o r  

Whaling Is@ 
Hz, Be a n  A l ,  a s s u m i n g   t h e   r a n g e s   a t  1 MeV t o   b e   t h o s e   g i v e n   i n  

c o m p i l a t i o n   o f   e x p e r i m e n t a l   d a t a .  The c a l c u l a t e d   r a n g e s  
a g r e e  well w i t h   t h o s e   o f   W h a l i n g   a t  2, 3, .. 8 MeV, and t h e   l a t t  r 
were u s e d   i n   t h e   s u b s e q u e n t   a n a l y s i s .  The r ange   da t a   o f  Rybakov 3./ 
f o r  Fey Cu, Sn  ard Pb, smoothed i n   e n e r g y  a n d   c o r r e c t e d   f o r   m u l t i p l e  
s c a t t e r i n g   a s   d e s c r i b e d   i n   S e c t i o n  7, were used t o   o b t a i n ,   b y  
i n t e r p o l a t i o n ,   r a n g e   v a l u e s   a t  1, 2, . . 8 MeV. 

The e n t i r e  body   o f   r ange   da t a ,   fo r   ene rg ie s  1 2 T 5 9 MeV, was 
summarized by the   fo rmula  
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t h e   c o e f f i c i e n t s  amn be ing   ob ta ined   by  a l e a s t - s q u a r e s   a n a l y s i s  
( A  i n  g cm-2). To p r o v i d e  a smooth t r a n s i t i o n   t o   e n e r g i e s   a b o v e  
8 MeV, t h e   i n p u t   d a t a  were e n l a r g e d   t o   i n c l u d e   n o t   o n l y   t h e   W h a l i n g  
and Rybakov r a n g e s ,   b u t   a l s o   r a n g e s   a t  9 MeV. The l a t t e r  were 
d e r i v e d   f r o m   a n   i n c r e m e n t a l   r a n g e   c a l c u l a t i o n   b a s e d   o n   s t o p p i n g  
power  theory.   Table 2 g i v e s   t h e   i n p u t   d a t a   f o r   t h e   l e a s t - s q u a r e s  
a n a l y s i s .  The  assignment of  I a d j - v a l u e s   t o   p a r t i c u l a r   e l e m e n t s  
agrees   wi th   the   recommendat ions  of the  Subcommit tee   (Report  6 o f  
NAS-NRC P u b l i c a t i o n  1133). Table  3 c o n t a i n s   t h e   l e a s t - s q u a r e s  co- 
e f f i c i e n t s ,  and  Table 4 t h e   p e r c e n t a g e   d e v i a t i o n s   b e t w e e n   t h e  
f i t t e d  and   i npu t   r anges .   The   roo t -mean   squa re   e r ro r   o f   t he  € i t  
i s  2%. 

From Eq. (13) o n e   c a n   d e r i v e ,   b y   d i f f e r e n t i a t i o n ,  a s t o p p i n g  
power  formula, 

As a f i n a l   c h e c k ,   t h e   s t o p p i n g  power v a l u e s  computed  according 
t o  Eq. (14)3y e compared   wi th   the   compi la t ion   o f   exper imenta l   va lues  
by B i c h s e l .  As shown i n   T a b l e  5, the   agreement  i s  g e n e r a l l y   c l o s e ,  
a l t h o u g h   o c c a s i o n a l   d i s c r e p a n c i e s   u p   t o  4% occur .   This  i s  no t   i n -  
c o m p a t i b l e   w i t h   t h e   e x p e r i m e n t a l   e r r o r s .  

, 
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Table 2. Ranges  (Q/cm ), mul t ip l i ed   by  7 9  t h a t  were used   as   input   da ta   to  2 

produce  the  least-squares   formula (13). 

Pro ton  
Energy 

MeV 

1 

2 

3 

4 

5 

6 

7 

8 

9 
_c_ 

16 

H2 

Iadj = 19 eV 

0.830 

2.840 

5 -900 
is 

9.930 

14-90 

20.77 

27,53 

35.16 

43.38 

Be 

60 eV 

1.290 

3.920 

7.780 

12.79 

18.90 

25.70 

33.79 

42.88 

53.14 

A 1  

163 eV 

1.870 

5 *400 

10.46 

16.80 

24.60 

33.73 

44.09 
55.41 

67.99 

c 

Fe 

285 eV 

2.700 

6 843 

13.27 

20.95 

29.79 

40 50 

52-14 

66.11 

80.57 

cu 

314 eV 

2.793 

7.166 

13.83 

21.91 

31.95 

43.36 

55  e68 

69.37 

84.23 

Sn  

516 eV 

3.791 

8.846 

16.43 

26.12 

37.49 

50 55 

65.29 

81.30 

98.55 

0 1 2 

0 -7.5265 X 10-1 2.5398 -2.4598 X 10-1 

1 7.3736 X -3.1200 X 10-1 1.1548 x 10-1 

2 4.0556 X 1.8664 X -9.9661 X lom3 

Pb 

826 el 
_c_ 

4 74( 

12.27 

22.36 

34 43 

48.28 

63 32 

79.94 

98.14 

118.4 - 



Table 4. Percen tag ;   dev ia t ion  of  ranges  computed  with Eq. (13)  from the  
i n p u t   r a n g e s   i n   T a b l e  2. 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

H2 

I a d j  = 19 eV 

0.2 

1.2  

0.9 

0.7 

0.4 

0.2 

-0.1 

-0.3 

0.1 

Be 

60 eV 

-2.5 

-1 e 6  

-2.0 

- 2 1  

-2.0 

-0.3 

0.1 

0.5 

0.6 

Sn 

516 eV 

-4.3 

6.7 

4.5 

2.2 

1.3 

0.8 

0.5 

0.8 

1.5 

Pb 

826 eV 

1-4 

-0.5 

-2.5 

-2.9 

-2.7 

-1.4 

0.3 

0.7 

1 .o 
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Table 5. Proton stopping power  (MeV/g 
r 

L.SQ.: Derived from the  least-squares formula  Eq. (14) 

B : Experimental values compiled by  Bichsel. 37/ 

P r o t o n  
Energy 

Mev 

1 

2 

3 

4 

5 

6 

Proton 
Energy 

Mev 

1 

2 

3 

4 

5 

6 

H2 

'adj  
- - 19 eV 

L.SQ. 

669 

385 

278 

220 

1 83 

158 

B 

676 

393 

282 

222 

158 

L.SQ. 

121 

82.9 

64.2 

52.7 

44.8 

39.1 

B 

121 

80 

62 

51 

44 

39 

Be 

60 eV 

L.SQ. I B 
I 

2235 I 220 

102 

81.5 

67.9 

58.3 

101 

81 

67 

58 

Sn 

516 eV 

LeSQ. 

87.5 

61.8 

48.7 

40.6 

34.9 

30.7 

B 

89 

61 

48 

40 

35 

31 

A 1  

163 eV 

L.SQ. B 

170 173 

112 110.7 

85.9 83.2 

68.7 67.6 

57.8 57.3 

49.9 50.0 

Pb 

826 eV 

L-SQ. B 

63.6 63 

46.3 44.5 

37.2 36.5 

31.5 31.8 

27.4 27.9 

a* 3 25.0 . 





We have   thought  i t  b e t t e r   t o   e x p r e s s   c a d j   a n a l y t i c a l l y .  As 
mentioned  above, i t  was a l s o   c o n s i d e r e d  wiser n o t   t o   a t t e m p t   t o  
c a r r y  t h e   c a l c u l a t i o n s  down t o   v e r y  low v e l o c i t i e s .   F o r  q 0.13 
i t  was n e c e s s a r y   o n l y   t o   s m o o t h   t h e   e m p i r i c a l   r a n g e s   ( e x p r e s s e d  
i n   e l e c t r o n s   p e r   s q u a r e   c e n t i m e t e r )   a s   f u n c t i o n s   o f   I a d j   a n d  q 
s e p a r a t e l y .   T h e n   b y   t r i a l   t h e   d a t a  were e x p r e s s e d   i n  a semi- 
empi r i ca l   fo rmula .  Above q = 0.13, t h e   s h e l l   c o r r e c t i o n  term 
was  assumed  to  have  the  dependence  on q and   Iad j   g iven   above .  
The a v a i l a b l e   i n f o r m a t i o n   t h e n  was u s e d   t o   d e t e r m i n e   t h e  co- 
e f f i c i e n t s  i n  the   formula   (which  i s  n o t   v a l i d   f o r  q < 0.13). 2 y fq 

'ad j (1,q) = (0.422377 {2 + 0.0304043 q-4 - 0.00038106 q-6) I:dj 

These   coe f f i c i en t s   doub t l e s s   can   be   improved ,   and   t he   func t iona l  
form c a n   b e   r e f i n e d   a s  more r e l i a b l e   d a t a  become a v a i l a b l e . .  A 
g r e a t   a d v a n t a g e  of such   an   expres s ion  i s  t h a t  it p r o v i d e s   a n  
a n a l y t i c   e n e r g y - l o s s   f o r m u l a   f o r   a l l   m a t e r i a l s   a p p l i c a b l e   o v e r  a 
w i d e   r a n g e   o f   v e l o c i t i e s .  I t  a l so   summar izes   the   bu lk   o f   what  is 
known a b o u t   t h e   e n e r g y   l o s s e s   o f   f a s t   p a r t i c l e s   i n   m a t t e r .   E x p r e s s i o n  
(16) i s  c o n s i s t e n t ,   w i t h i n   t h e  limits o f   e x p e r i m e n t a l   e r r o r ,   w i t h   t h e  
s h e l l   c o r r e c t i o n s   u s e d   b y   0 - t h e r   a u t h o r s   i n   t h i s   v o l u m e  (see F i g .  1 i n  
R e p o r t  4 of NAS-NRC P u b l i c a t i o n  1133). 

The s h e l l   c o r r e c t i o n   e n t e r s   t h e   s t o p p i n g  power   formula   no t   as  
b u t   a s  Cadj/Z. To e s t a b l i s h   t h e   n e c e s s a r y   r e l a t i o n   b e t w e e n   I a d j  'ad j 

and 2, we have   u sed   t he   expres s ions  

3 
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./z = 9.76 +- 58.8 2 -1 -19 eV ' 'adj  2 163 eV 
'ad, 

The  assumed s t r a i g h t - l i n e   r e l a t i o n s h i p   f o r   s m a l l   v a l u e s   o f  I 
i s  a n   o v e r s i m p l i f i c a t i o n   t h a t  i s  p e r m i s s i b l e   b e c a u s e   t h e  she??' 
c o r r e c t i o n s   a r e   q u i t e   s m a l l .  The r e l a t i o n   ( 1 7 b ) ,   d u e   t o   S t e r n h e i m e r  
(p r iva t e   communica t ion ) ,  y ie lds  mean e x c i t a t i o n   e n e r g i e s   o f  163 eV, 
314 eV and  826 eV for   Al , .Cu,  and  Pb, r e s p e c t i v e l y ,  and h a s   b e e n  
recommended  by the  Commit tee   as   "best   smooth  curvetf  (see Report  6 
of NAS-NRC P u b l i c a t i o n  1133). 

7. M u l t i p l e   S c a t t e r i n g   C o r r e c t i o n s  

The d e f i n i t i o n   o f   t h e   r a n g e   g i v e n   i n   t h e   t h i r d   s e c t i o n   o f   t h i s  
r e p o r t   p r e s c r i b e s   i n - e f f e c t  how i t s  measurement i s  t o  be c a r r i e d   o u t .  
The expe r imen ta l   t echn ique   mus t   be   such   a s   t o   . i n su re   t ha t   t he   t rue  
r e c t i f i e d   p a t h   l e n g t h   h a s   b e e n   d e t e r m i n e d ,   a n d   t h a t   n u c l e a r   i n t e r -  
a c t i o n s   d o   n o t   i n f l u e n c e   t h e   r e s u l t s  of t he   measu remen t .   D i f f i cu l t  
p r o b l e m s   i n   t h e   i n t e r p r e t a t i o n   o f   i n c o r r e c t l y   p e r f o r m e d   m e a s u r e m e n t s  
may a r i s e   i n   s e p a r a t i n g   t h e   e f f e c t s  of e n e r g , y   l o s s   t o   e l e c t r o n s ,  
n u c l e a r   i n f l u e n c e s   a n d   t h e   e f f e c t s   o f   s c a t t e r i n g   o n   t h e   r a n g e  and 
on   t he   r ange - s t r agg l ing .  One may a t t e m p t   t o   c o r r e c t   t h e   m e a s u r e m e n t s  

i s  t r e a t e d  more e x t e n s i v e 1 . y   i n   a n o t h e r   r e p o r t .  
i f   t h e   g e o m e t r y  of  t h e   e x p e r i m e n t a l  s known. T h i s   t o p i c  

Here we d i s c u s s  a s i m p l e   c o r r e c t i o n   p r o c e d u r e   t h a t   o f t e n  may be 
e s a t i s f a c t o r y .  I t  i s  n o t e d   f i r s t   t h a t   s c a t t e r i n g   c o r r e c t i o n s   c a n   b e  

measured i n   e m u l s i o n   b e c a u s e   t h e   w h o l e   p a r t i c l e   t r a j e c t o r y   c a n   b e   s e e n .  
Any d e s i r e d   r a n g e - d i s t r i b u t i o n   f u n c t i o n   c a n   b e   o b t a i n e d  by me rements  
on   randomly   sampled   t racks .   In   addi t ion  we know--from Ross i ,@ f o r  
example- - tha t   in   any   mater ia l   the   increment   o f   the   mean-square   angle   o f  
m u l t i p l e   s c a t t e r i n g ,   m u l t i p l i e d  by t h e   r a d i a t i o n   l e n g t h  and d iv ided   by  
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t h e   i n c r e m e n t   i n   p a t h   l e n g t h   h a s   t h e  same magnitude,   approximately 
( 2 1 . 2 / ~ B ) ~ ,  f o r  a s i n g l y   c h a r g e d   p a r t i c l e  of momentum p a n d   v e l o c i t y  e. I n   t h i s   e x p r e s s i o n  pj3 i s  measured i n  MeV/c.  To a p p l y   t h i s  rule ,  
o f   c o u r s e ,   a c c o u n t   m u s t   b e ' t a k e n   o f   t h e   f a c t   t h a t  pB f a l l s   a s   t h e  
p a r t i c l e   l o s e s   e n e r g y .  

S u p p o s e   t h e   p a r t i c l e   s t a r t s   p a r a l l e l   t o   t h e  x ax i s   f rom  an  
o r i g i n  of r e c t a n g u l a r   c o o r d i n a t e s   x ,  y ,  and z i n   t h e   s t o p p i n g   m a t e r i a l .  
Then i f  8 i s  t h e   i n s t a n t a n e o u s   a n g l e   b e t w e e n   t h e  x a x i s   a n d   t h e  
p a r t i c l e   d i r e c t i o n  and d s  i s  an   e lement   o f  i t s  p a t h  we d e f i n e :  

S 
S = 1 d s   c o s 6  

P o  

where S i s  t h e   d i s t a n c e   t r a v e r s e d   b y   t h e   p a r t i c l e   i n   b e i n g   b r o u g h t  
t o  r e s t  a t  a d e p t h   o f   p e n e t r a t i o n ,  S We c a l l   t h e   a v e r a g e   v a l u e  S 
t h e   p r o j e c t e d   r a n g e  R The e x p e c t a t l o n   v a l u e   o f  S i s  t h e   r a n g e ,  
R; S i s  a random v a r i a b l e   o f   v a r i a n c e  0 2 ( R ) .  

P' 
P: P' 

For  m a k i n g   t h e   m u l t i p l e - s c a t t e r i n g   c o r r e c t i o n   s u p p o s e   t h e   q u a n t i t y  
t o  be e v a l u a t e d  i s  AR = R - R . I t  i s  

P 

R 
L\R = (1 -  COS^) d s  =T [ (6 ) d s  . 1 R 2  

0 0 

1 

The f r a c t i o n a l   c o r r e c t i o n ,  AR/R t h e r e f o r e ,  i s  one-half   of   the  mean- 
s q u a r e   s c a t t e r i n g   a n g l e .  

.... ,. , . . ~ . -- - . o  
The s c a t t e r i n g   i n   e m u l s i o n  i s  well known e m p i r i c a l l y .  We n o t e  

tha t   one   can   compensa te  f o r  t h e   u s e  o f  t he   sma l l - ang le   app rox ima t ion  
by measur inq  AR o n   t r a c k s   i n   e m u l s i o n ,   a n d   t h u s   o n e   c a n   r e p l a c e   t h e  
number  21.2 MeV/c, by a n   e m p i r i c a l l y   d e t e r m i n e d   q u a n t i t y ,  k. Then 

1 / z k \ 2  

d s  
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e r a d i a t i o n   l e n g t h   i n   t h e   s t o p p i n g   m a t e r i a l .  
made on  t r 'acks  of   protons  and muons i n d i t a t e ,  

m o r e o v e r ,   t h a t   t h e   b e s t   v a l u e   t o   u s e   f o r  k is about  19.7 MeV/c, 
if t h e   r a d i a t i o n   l e n g t h  i s  t a k e n   t o   b e  2.91 cm. T h i s   e v a l u a t i o n  
s h o u l d   b e   s t u d i e d   m o r e   e x h a u s t i v e l y ,   b u t   f o r   t h e   p r e s e n t   p u r p o s e  
of  making a s m a l l   c o r r e c t i o n ,   s u c h   a n   e s t i m a t e   n e v e r t h e l e s s  may 
be   accura te   enough.  To c a r r y   o u t   t h e   c a l c u l a t i o n s   o f  (b2), we 
f i r s t  write pi3 a s  a f u n c t i o n  of d i s t a n c e  s a l o n g   t h e   a v e r a g e  
t r a j e c t o r y .   I n   t h e  low e n e r g y   r e g i o n   t h i s  i s  

pB = aM l-n  z2n 
(R - S I n  Y 

where ,   t o  good approximat ion ,  a i s  a cons t an t   de t e rmined   by   I ad jy  
and n is c l o s e  t o  0.63 f o r  a l l   m a t e r i a l s   e x c e p t   t h o s e  o f  l o w e s t  
a tomic  number ( f o r  w h i c h   t h e   c o r r e c t i o n  i s  s m a l l ) .  Now from Eq.  (16) 
and Eq.  (15) we f i n d   t h a t   t h e   e x p r e s s i o n  (1-n)Xod?/R2 a t  a g i v e n  
energy i s  independent  of t h e   m a t e r i a l .   S i n c e  n v a r i e s   v e r y  l i t t l e  
(Xo/R)(AR/R) a l s o  will n o t   v a r y  much f rom  one   ma te r i a l   t o   ano the r .  

The s t a t i s t i c a l   v a r i a b l e  Sp h a s  a skewed d i s t r i b u t i o n ,   e s p e c i a l l y  
i n  s t o p p i n g   m a t e r i a l s  o f  high  atomic  number.  I t s  e x p e c t a t i o n   v a l u e  o r  
mean, Rp,  i s  s rna l l e r   t han   t he   med ian  r nge Rm d e f i n e d   i n   S e c t i o n  3.  
Some exper imenters ,   no tab ly   Rybakov,  2.Q whose d a t a  we use,   compared 
median  ranges i n  v a r i o u s   m e t a l s   w i t h   t h  t i n  aluminum.  The  cor- 
r e c t i o n ,   w h i c h  i s  eva lua ted   by   Be rge  i s  somewhat less t h a n  LR. 
I n  Table 6 we l i s t  t h e   p e r c e n t a g e   c o r r e c t i o n s  we app l i ed   t o   Rybakov ' s  
ranges .  



Table  6. P e r c e n t  Range C o r r e c t i o n s   f o r   S c a t t e r i n g  
? 

100 ( R - R ~ )  

R 

Proton  Energy 
(MeV 1 

Emulsion 

2.07 

1.67 

1.47 

1.0 34 

1.24 

1.18 

1.. 11 

1.07 

1 

A 1  Fe cu 

0.72 1.55 1.80 

0.59 1.26 1.48 

0.52 1.10 1.32 

0.47 1.01 1.18 

0.43 0.93 1.10 

0.41 0.88 1.03 

0.39 0.85 0.99 

0.37 0.81 0.94. 

II_ 

Cd 

- 
3.18 

2.65 

2.32 

2.12 

2 0.00 

1.88 

1.79. 

1.72 

Sn Pb 

3.36 5.96 

2.76 4.92 

2.43 4-34 

2.22 3.98 

2.07 3.73 

1.96 3.54 

1.87 3.37 

1.79 3.23 
1 

8. Two-Variable  Stopping  Power  and  Range  Tables 
* 

8.1 Method  of P r e s e n t a t i o n  

The  proton  s topping  power (MeV/g  cm’2), d iv ided   by  Z/A, and t h e   p r o t o n  
r a n g e   ( g  crne2), m u l t i p l i e d   b y  Z/A, a r e   g i v e n   a s   f u n c t i o n s  o f  t h e   p r o t o n  
k i n e t i c   e n e r g y  7 (MeV) and  the mean e x c i t a t i o n   e n e r g y  Iadj  (eV) i n   T a b l e s  
I and 11. The a d v a n t a g e s   o f   t h i s   m e t h o d   o f   p r e s e n t a t i o n   a r e :  

* 
W i t h o u t   t h e   d e n s i t y   e f f e c t   c o r r e c t i o n .  



(1) T h r o u g h   e l i m i n a t i o n   o f   t h e   f a c t o r  Z/A, i.e., t h r o u g h   t h e  
u s e  of e l ec t rons   pe r ' cm2   a s   un i t   o f   d i s t ance ,   t he   ma in   dependence   o f  
s topp ing   power   and   r ange   on   t he   na tu re   o f   t he  medium has  been  removed. 
The r e s idua l   dependence  i s  i n   t h e  mean e x c i t a t i o n   e n e r g y ;   o n l y  
i n t e r p o l a t i o n   i n   I a d j  i s  n e c e s s a r y   f o r   a p p l i c a t i o n   t o   a n y   p a r t i c u l a r  
s u b s t a n c e .  

(2) A c l o s e   g r i d   i n   I a d j  i s  provided ,  so t h a t   l i n e a r   i n t e r p o i a -  
t i o n  is adequate.   This  makes i t  e a s y   t o   e s t i m a t e   t h e   r a n g e  o r  s t o p p i n g  
power u n c e r t a i n t y   c a u s e d   b y  a known u n c e r t a i n t y   i n   I a d j y  o r  v i c e   v e r s a .  

(3)  The t a b l e s  will r e t a i n   t h e i r   v a l i d i t y  and   u se fu lness   even  when, 
a s  seems p r o b a b l e ,   t h e   p r e f e r r e d   I a d j - v a l u e s   f o r   v a r i o u s   m a t e r i a l s  will 
u n d e r g o   c h a n g e s   i n   t h e   f u t u r e .  

( 4 )  The   un i fo rm  me thod   o f   p re sen ta t ion   pe rmi t s   ea sy   de t ec t ion   o f  
measurement   e r rors ,  o r  o f   a n o m a l i e s   t h a t  may h a v e   s i g n i f i c a n c e .  - 

(5 )  Because   o f   t he   s ca l ing   p rope r t i e s   o f   s topp ing   power   and   r ange  
f o r  p a r t i c l e s   w i t h   d i f f e r e n t   m a s s   a n d   c h a r g e ,   e v e n  a s ing le   measurement  
o f   r ange  o r  s t o p p i n g   p o w e r   i n  a m a t e r i a l   o f  unknown s t o p p i n g   b e h a v i o r  
c a n   b e   u s e d   t o   o b t a i n   r a n g e - e n e r g y   c u r v e s   f o r   a l l   t y p e s   o f   p a r t i c l e s .  

8.2 - Method  of  Computation 

F o r  p r o t o n   k i n e t i c   e n e r g i e s   b e l o w  7.9 MeV, t h e   s t o p p i n g  power  was 
e v a l u a t e d   w i t h   t h e   u s e   o f   t h e   e m p i r i c a l   f o r m u l a ,  Eq.  (14). Above 8.1 
MeV i t  w a s   e v a l u a t e d   t h e o r e t i c a l l y   a c c o r d i n g   t o  Eq.  ( l ) ,  w i t h   s h e l l  
c o r r e c t i o n s   g i v e n   b y  E q s .  (16) and (17), a n d   w i t h   t h e   d e n s i t y   e f f e c t  
d i s regarded .   Between 7.9 and 8.1 MeV, t h e   a r i t h m e t i c   a v e r a g e   o f   t h e  
r e s u l t s   o f   t h e  two p r o c e d u r e s  was used. 

The c a l c u l a t i o n   o f   t h e   c . s . d . a .   r a n g e  was  made f r o m   t h e   i n t e g r a l  
I - . . . t 

'1 
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Here x1 is a n   e m p i r i c a l   r a n g e   g i v e n   b y  Eq.  (13) and  corresponding 

t o   k i n e t i c   e n e r g y  T1 = 1 MeV. The upper  limit 7 = 938.213[1-@ ) -13 

MeV i s  t h e   p r o t o n   k i n e t i c   e n e r g y   c o r r e s p o n d i n g   t o   v e l o c i t y  

I 2 4 2  

ti = d(1-t-q 1 2 1/2 

8.3. U n i t s  

The u n i t s   o f   s i o p p i n g  power i n   T a b l e  I a r e  MeV p e r  6.0249 X 10 23 
(Avogadro's numb r )  o f   e l e c t r o n s  cm-2. The u n i t s  o f  r a n g e   i n   T a b l e  I1 
a r e  6.0249 X lozf e l e c t r o n s  cm-2. F o r  a n y   p a r t i c u l a r   m a t e r i a l ,   t h e  
s topping  power i s  r e a d i l y   c o n v e r t e d   t o  MeV/g  cm-2 t h r o u g h   m u l t i p l i c a t i o n  
by Z/A, a n d   t h e   r a n g e   t o  g cm-2 through mu1 t i p l i c a t i o n   b y  A/Z. To ob- 
t a i n   t h e   r a n g e  i n  cm, one m u s t  f u r t h e r   d i v i d e   b y   t h e   d e n s i t y  p i n  g cm' 3 . 
The q u a n t i t y  A/Z i s  g i v e n   i n   T a b l e  7 f o r   v a r i o u s   m a t e r i a l s .  To apply  
T a b l e s  I and11 f o r  a p a r t i c l e   o f   m a s s  M and  charge z i n   u n i t s   o f   t h e  
p r o t o n ,   t h e   e n e r g i e s . i n   t h e   l e f t - m o s t   c o l u m n  m u s t  b e   m u l t i p l i e d   b y  M, 
a n d   t h e   r a n g e s   ( a f t e r   a d d i n g  B, i f   n e c e s s a r y )   b y  M/z2. T h i s   f a c t o r  is  
g i v e n   i n   T a b l e  1. 

* 
The use of t h i s   v a l u e   f o r   A v o g a d r o ' s  number i m p l i e s   t h a t   a t o m i c  
w e i g h t s   m u s t   b e   e x p r e s s e d   a c c o r d i n g   t o   t h e   o l d   m a s s   s c a l e   i n   w h i c h  
the  a tomic  weight   of  016 i s  e x a c t l y  16, r a t h e r   t h a n   t h e  new s c a l e  
i n  which  the  a tomic  weight   of  C12 i s  e x a c t l y  12. 
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Table 7. A/Z and an estimate of Iadj f o r  

some elemental absorbers 

Element 

lH 

qBe 
1 3A1 

26Fe 

28Ni 

29" 

47Ag.. 

74w 

7gPt 

79AU 

82Pb 

83Bi 

50'" 

92" 

Iadj (ev> 

19 

60 

163 

285 

304 

314 

487 

516 

748 

'. 787 - 

79 7 

826 

835 

9 23 

A/Z 

1.0080 

2- 2533 

2.0754 

2.1481 

2.0961 

2.1910 

2 2953 

2.3740 

2 4854 

2- 5029 

2.4937 

2.5270 

2.5181 

2.5877 



8.4. S i g n i f i c a n t   F i g u r e s  

T h e   s t o p p i n g q p o w e r   a n d   r a n g e   a r e   g i v e n   t o   f i v e   f i g u r e s ,   w h e r e a s  
t h e   p h y s i c a l   i n p u t   d a t a  a n d   m e t h o d   o f   c a l c u l a t i o n   a r e   s u c h   t h a t   a t  
m o s t   t h r e e   f i g u r e s   a r e   s i g n i f i c a n t .  The o t h e r  two f i g u r e s   a r e   i n -  
c l u d e d   t o   a l l o w   d i f f e r e n c i n g   o f   t h e   t a b u l a t e d   d a t a .   S u c h ' d i f f e r e n c i n g  
i s  r e q u i r e d  when one i s  i n t e r p o l a t i n g   w i t h   r e s p e c t   t o   I a d  . I t  may 
a l s o   b e   r e q u i r e d   f o r   t h e   c o m p u t a t i o n  of p a r t i a l   r a n g e s   b e  .t ween  two 
g i v e n   e n e r g i e s .  

Sample  computat ions,   which  are   surnnarized  in   Table  8, i n d i c a t e  
t h a t   w i t h   l i n e a r   i n t e r p o l a t i o n   i n   I a d j  o r  7 o n e   c a n   a c h i e v e   a t   l e a s t  
t h r e e   f i g u r e   a c c u r a c y .  

8.5, A p p l i c a t i o n   t o   P a r t i c u l a r   M a t e r i a l s  

The c h o i c e   o f   t h e   v a l u e   o f   t h e  mean e x c i t a t i o n   e n e r g y   I a d j  i s  a t  
t h e   r e a d e r ' s   d i s c r e t i o n .  Some s u g g e s t e d   I a d j - v a l u e s   a r e   l i s t e d   i n  
Tal;le 7. They a r e   n o t   d e f i n i t i v e   b u t   a r e   b a s e d   o n   t h e   p r e s e n t ,   t e n t a -  
t ive ,   consensus   o f   the   Subcommit tee .   (See   Repor t  6 of NAS-NRC Publ ica-  
t i o n  1133.) F o r  Z * 13 t hey   a r e   based   on   t he   s emiempi r i ca l   fo rmula  
Eq.  (1%). 

For  compounds  and mixtures ,   p rovided   one   assumes   tha t   the   cont r ibu-  
t i o n  of v a r i o u s   c o n s t i t u e n t s  i s  a d d i t i v e   ( B r a g g ' s   r u l e ) ,   o n e  mus t  re- 
p l a c e  Z/A by   an   ave fage   va lue  

.~ __.,.._where Z,/A. c o r r e s p o n d s   t o   t h e  .i '&h c o n s t i t u e n t   w i t h   p a r t i a l   d e n s i t y  
1 1  

P i ( c  p i  = i.). The c o r r e s p o n d i n g   a v e r a g e   v a l u e   o f   t h e  mean e x c i t a t i o n  

ene rgy  i s ,  a c c o r d i n g   t o  E q .  ( 4 ) ,  
i 
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Table 8. Accuracy of interpolation i n  Tables I and I1 

Stopping Power, MeV/g cm-2 

Interpolated  Direct 

46.812 46 796 

7.4245 7.421 5 

2 2452 2.2445 

27.31 7 27.31 5 

4 8845 ., 4.8839 

1.5573 1.5572 

= 17.501 17.497 

3 5318 3.5315 

1.1956 1 A955 
- .. -, 

Range, g cm -2 

Interpolated 

0.11827 

7.5664 

320.36 

2.1819 

11.771 

468.40 

0.35605 

16.821 

61 8.98 

Direct 

0.11830 

7.5587 

320.44 

2.1820 

11.772 

468.41 

0.35607 

16.821 

618.99 

a )  Linear  interpolation w i t h  respect t o  mean excitation energy 
1 a d . e  (H20: from 60 and 70 t o  65.1 eV; CU: from 300 and 320 
t o  314 eV; Pb: from 800 and 850 t o  826 eV. ) 

1 
S t o p p i n g  Power  (MeV/g 

1 
Range ( g  cm-2) 

A 
Z x- Z 

A 

1 
x -  

1 Iadj(eV) Interpolated Di rec t  Interpolated  Direct 

60  6.2364  6.2356 31.574 31.571 

300 5.1275  5.1270  38.996 38.993 

63 c 4.4354 4 4349 45.954 45.950 - 1 f 

h i  Linear i n t e r p o l a t i o n  w i t h  respect t o  p r o t o n  energy T, f rom 320 
and 330 t o  324 UeV. 
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I t  s h o u l d   b e   r e c a l l e d   t h a t   o n e   m u s t   e x p e c t   d e p a r t u r e s   f r o m  
’ . a d d i t i v i t y   d u e   t o   c h e m i c a l   b i n d i n g   e f f e c t s ,   p a r t i c u l a r l y   f o r   m e d i a .  

of low  average  atomic  number.  I t  i s  t h e r e f o r e ,   p r e f e r a b l e ,  i f  pos- 
s ib l e ,  t o  ‘use a v a l u e   o f   ( I a d j )   d e r i v e d   d i r e c t l y ,  by  experiment o r  
c a l c u l a t i o n ,  f o r  t h e   s u b s t a n c e   i n   q u e s t i o n .  

The u s e   o f   T a b l e s  1 and 2 f o r  mixtures   and  compounds i n t r o d u c e s  
a s m a l l   e r r o r   i n   r e g a r d   t o   s h e l l   c o r r e c t i o n s .   I n   e f f e c t ,   o n e   f i r s t  
selects a v a l u e   o f   ( I a d j )   a n d   t h e n ,   b y   i m p l i c a t i o n ,  uses an   ave rage  
atomic  number (Z> g iven   by  E q .  ( 17 ) ,   whereas   t he   co r rec t   me thod  of 
a v e r a g i n g  i s  

The e r r o r  i s  l a r g e s t   f o r   s u b s t a m e s   i n   w h i c h   b o t h   h i g h - Z  and low-Z 
components a r e   p r e s e n t .   F o r   e x a m p l e ,   f o r   p h o t o g r a p h i c   e m u l s i o n ,   t h e  
maximum e r r o r   i n   t h e   p r o t o n   s t o p p i n g  p o w e r   o c c u r s   a t  - 20 MeV (0.6% 
t o o   h i g h )   a n d   t h e  maximum e r r o r   i n   t h e   r a n g e   a t  - 30 MeV (0.5% too   low) .  

8.6. Approximation  Formula 

The  stopping  power i s  a v a i l a b l e   i n  terms of  a formula (Eqs. ( l ) ,  
(16) and   (17 ) ) .  I t  i s  c o n v e n i e n t   a l s o   t o   h a v e   a n   a n a l y t i c a l   r e p r e n -  
s e n t a t i o n   f o r   t h e   r a n g e   w h i c h   p r e c l u d e s   t h e   n e c e s s i t y   o f   a l w a y s   h a v i n g  
t o  rely on a l a r g e   t a b l e   o f   n u m b e r s .  We have   no t  made a n   e x h a u s t i v e  
s e a r c h   f o r . a n  optimum  formula,   but  have  found i t  c o n v e n i e n t   t o   r e p r e -  
sent t h e   p r o t o n   r a n g e ,   . b e t w e e n  7 MeV and 1200 MeV, b y   t h e   f o l l o w i n g  
e x p r e s s i o n :  . .  

A 3 3  m n 

Z SO m=O 

. .  

l o g  = l o g  -. + Umn(log Iad j )  ( l o g  7 )  

X i s  a s s u m e d   t o   b e   i n   u n i t s   o f  g The c o e f f i c i e n t s   i n . ’   t h i s  
e x p r e s s i o n ,   g i v e n   i n   T a b l e  9, vjere ob ta ined   t h rough  a l e a s t - s q u a r e s  
a d j u s t m e n t   b a s e d   o n   6 0 0   r a n g e   v a l u e s   ( a t  30 ene rg ie s   and  20 v a l u e s   o f  
I a d j ) .  The r o o t  mean s q u a r e   p e r c e n t a g e   d e v i a t i o n   b e t w e n   t h e   i n p u t  
d a t a  and f i t t e d   v a l u e s   a t   t h e s e   6 0 0   p o i n t s  i s  0.6%. The vJorst e r r o r  
o c c u r s  f o r  7 = 7 ivleV and I = 15 eV and  amounts  to 2.8$, b u t   i n   n o s t  ad j 





x 2 X1' 

where x = ( l o g   e ) l o g  7 = 0.43429 l o g  7. 10 

The q u a n t i t i e s  6 0 0 and x1 d e p e n d   o n   t h e   c h a r a c t e r i s t i c s  

o f   t h e  medium. S te rnhe imer  made a t   d i f f e r e n t   t i m e s   ( 1 9 5 2 ,   1 9 5 6 )  
two e v a l u a t i o n s   o f   t h e s e   p a r a m e t e r s  f o r  v a r i o u s   m e d i a ,   u s i n g   d i f f e r e n t  
v a l u e s   o f   t h e  mea'n e x c i t a t i o n   e n e r g y  I. N e i t h e r   o f   h i s  two I -va lues  
c o i n c i d e s   i n   g e n e r a l . t o   t h e   1 , d j - v a l u e   a d o p t e d   i n   t h e   p r e s e n t  work. 
F o l l o w i n g   h i s   s u g g e s t i o n ,  we have made t h   p p r o p r  a e ad jus tment  
t h r o u g h   l o g a r i t h m i c   i n t e r p o l a t t o n .  Let 157'7 and 6 1 4  d e n o t e   t h e  
d e n s i t y   e f f e c t   c o r r e c t i o n s   f o r  a g iven  medium  and ene rgy ,   eva lua ted  
w i t h  mean e x c i t a t i o n   e n e r g i e s  I1 and 12. The d e s i r e d   v a l u e ,  

0 ,  1, 2' x. 
iy 

3t 
In  S t e r n h e i m e r ' s   n o t a t i o n ,  0 b and 6 a r e   c a l l e d  Cy a and m. 
The parameter  0 i s  given  by 6 = -210g(I/hvr)-1 

where v = c (mO/?'r) 
i s  the   p lasma  f requency  o f  t h e  medium. I n   a d d i t i o n   t o   h i s   p u b l i s h e d  
va lues ,   S te rnhe imer   has   communica ted   addi t iona l   parameter   va lues   for  
Cu and Pb t o  U. Fano ( l e t t e r ,  May 2, 1962) which we have   a l so   u sed ;  
t h e y   a r e :  

0' 1 2 

O 1/2 0 

P 

. ."^ 



Energy 
(MeV ) 

5000 

4000 

3200 

2400 

1600 

1000 

800 

600 

500 

400 

300 

200 

150 

1 GO 

80 

60 
-- 

P 

Table  loa .  P e r c e n t   r e d u c t i o n  of  s t o p p i n g   p o w e r   d u e   t o   d e n s i t y   e f f e c t  

P ro tons  Kaons 

-.. 

Cu Pb Be 

4.1 1 .5  9.4 

3.4 1.1 8.2 

2.7 0.7 7.1 

2.0 0.4 5.7 

- 

1.1 0.2  4.0 

0.5 - 2.4 

0.3  1.8 

0.1 1.1 

0.7 

0.4 

0.1 

. .  
. .  

* I  . . . .  

- 
cu 

6.6 

5.7 

4.8 

3.8 

2.6 

1.5 

1.0 

0.7 

,o. 5 

0.2 

00.1 

II 

Pb 

3.2 

2.6 

2.0 

1 *4  

0.7 

0.3 

0.1 

I 
_I_ 

Be 

16.6 

15.3 

14.0 

12.4 

10.1 

7.6 

6 -  5 

5.2 

4-4 

3-6 

2.6 

1 - 5  

0.8 

Q. 3 

0.1 

Pions  

.__ 

cu 

12.6 

11.5 

10.4 

9.0 

7.2 

5.2 

4.4 

3.4 

2.9 

2.2 

1.6 

0 - 9  

0.5 

0.2 

0.1 

- 
Pb 

7.9 

6.9 

6.0 

5.0 

3.6 

2.3 

1.7 

1.1 

0.8 

0.5 

0.3 

II_ 

Be 

18.2 

16.9 

15.6 

14.0 

11.6 

9.1 

7.9 

6.5 

5.6 

4.7 

3.5 

2.2 

1 *4 

0.6 

0.3 

0.1 
_I 

Muons 

cu 

14.1 

12.9 

11.8 

10.3 

8.4 

6.3 

5.4 

4.4 

3.7 

3.0 

2.2 

1 .3  

0.8 

0 -4 

0.2 

0.1 

- 
Pb 
_I 

9.1 

8.1 

7.2 

6.0 

4.5 

3.0 

2.4 

1.7 

1.3 

0.9 

0.2 
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Table  lob. P e r c e n t   i n c r e a s e   o f   r a n g e   d u e   t o   d e n s i t y   e f f e c t  

P ro   t ons  

Be Cu Pb 

3.3 2.1  0.6 

2.7  1.7' 0.4 

2.1 1.3 0.2 

1.5 0.9 0.1 

0.8 0.5 

0.3  0.2 

0.1 0.1 

Kaons 

Be Cu Pb 

5.5 3.7 1.4 

4.7 3.1 1.1 

3.9 2.5 0.8 

3.0 1.9 0.5 

2.0 1.2 0.2 

1.0 0.6 

0.7 0.4 

0.4  6.2 

0.2 . 0.1 

0.1 

b 

Pions  

Be 
I__ 

11.1 

10.0 

9.0 

7.7 

6.0 

4.2 

3.5 

2.7 

2.2 

1.7 

1.2 

0.6 

0.3 

0*1 

. .  , .  . .  ., .. . 

)I 

cu 
7 

8.1 

7.2 

6.3 

5.3 

4.0 

2.8 

2.3 

1.7 

1.4 

1 .o 

0.7 

0.3 

0.2 

0.1 

Muons 

Be Cu - 
12.5  9.2 

11.4 8.3 

10.3 7.4 

8.9 6 . 3  

7.1 4.9 

5.2 3-5 

4.4 2.9 

3.5 2.2 

3.0 1.9 

2.4 1.5 

1.7 1.0 

0.9 0.6 

0.5 0.3 

LI 

Pb - 
5.3 

4.6 

3.9 

3.1 

2.2 

1.3 

1.0 

0.6 

0.5 

0.3 

0.2 



:.- e. 

c o r r e s p o n d i n g   t o  m e 9  e x c i t a t i o n   e n e r g y  I i s  o b t a i n e d   a s  ad j 

w i t h  a = * l o g   ( I Z / ( I a d j ) / l o g  (12/11). 

S t e r n h e i m e r ' s   d e n s i t y   e f f e c t   p a r a m e t e r s   f o r   g a s e s   p e r t a i n  
to   no rma l   p re s su re .  To o b t a i n  0 f o r   a n y   o t h e r   p r e s s u r e ,   o n e  
m u s t   i n s e r t   i n t o  Eq. (26) the  argument  V P   i n s t e a d  of q, where 
P i s  t h e   p r e s s u r e   i n   a t m o s p h e r e s .  

The   pe rcen tage   r educ t ions  of t h e   s t o p p i n g  power  and i n c r e a s e s  
o f   t h e   r a n g e   c a u s e d   b y   t h e   d e n s i t y   e f f e c t   a r e   i n d i c a t e d   i n   T a b l e  10 
f o r   p r o t o n s ,   k a o n s ,   p i o n s   a n d  muons i n   b e r y l l i u m ,   c o p p e r   a n d   l e a d .  

10. Stopping  Powers  and  Ranges  for  Protons  and 
Mesons i n   S e l e c t e d   M a t e r i a l s  

T a b l e s   I I I a , b ,   c y   a n d  d con ta in   s topp ing   powers   and   r anges   fo r  
p ro tons ,   kaons ,   p ions l and  muons i n  twenty-seven   subs tances .   Dens i ty  
e f f e c t   c o r r e c t i o n s   a r e   i n c l u d e d .  The a s s u m e d   v a l u e s   o f   I a d j   a r e   i n  
agreement   with  the  recommendat ions  of   the   Subcommit tee   (Report  6 of 
NAS-NRC P u b l i c a t i o n  1133). F o r  mixtures  and  compounds,   an  average 
v a l u e   o f   I a d j  was computed   acco rd ing   t o  Eq. (23), and s h e l l   c o r -  
r e c t i o n s  were a v e r a g e d   a c c o r d l n g   t o  E q .  .(a). Meson s topping   powers  
were ob ta ined   by   s ca l ing   p ro ton   s topp ing   powers .  Meson r a n g e s  were 
o b t a i n e d   b y   n u m e r i c a l   i n t e g r a t i o n ,   u s i n g  a b a s e   p o i n t   a t  1 MeV ca lcu-  
l a t e d  by s c a l i n g   t h e   c o r r e s p o n d i n g   p r o t o n   r a n g e .  The accu racy   o f   t he  

18. F i v e   s i g n i f i c a n t   f i g u r e s   a r e   g i v e n   i n   T a b l e I I I i n   o r d e r   t o  
f a c i l i t a t e   i n t e r p o l a t i o n .  

.. i . .  , . - - computed   s topp ing   powers   and   r angesp i s   expec ted   t o   be   o f   t he   o rde r   o f  

a 

There a re  a number o f  s u b s t a n c e s   o f   i n t e r e s t   f o r   w h i c h   t h e  
:. d e n s i t y   e f f e c t   c o r r e c t i o n   h a s   n o t  yet  been  evaluated, .  ' I n   t h e   a b s e n c e  

' , '  o f   s u c h  a ' c o r r e c t i o n ,   t h e   u n i v e r s a l   T a b l e s  ' I  and I1 are .   adequate .  ' 

N e v e r t h e l e s s ,  we have  thought  i t  u s e f u l   t o   p r e s e n L ,   i n   T a b l e N ,   p r o t o n  
s topping   powers   and   ranges   o f   n ine   subs tances   o f   compl ica ted   composi -  
t i o n ,   a t   e n e r g i e s  up  t o  1000 MeV. With t h i s   l i m i t a t i o n ,   t h e   l a c k   o f  
d e n s i t y   e f f e c t   c o r r e c t i o n  will i n t r o d u c e   o n l y  a v e r y   s m a l l   e r r o r ,   a s  
i n d i c a t e d   i n   T a b l e  10. 
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Table  I. Two-Variable  Stopping Power Table  

Calcu la ted   s topping   power ,  1 ,  a s  a f u n c t i o n   o f   t h e   p r o t o n   k i n e t i c  
energy  7 and   t he  mean e x c i t a t i o n   e n e r g y   I a d j .  The e n t r i e s ,  when m u l t i -  
p l i e d  by Z/A, g i v e   t h e   s t o p p i n g   p o w e r   i n   u n l t s  of MeV/g  cm-2. Powers 
of t e n   a r e   i n d i c a t e d  by t h e  symbol E;  t h u s  1.2345E 02  means 1.2345 x 10 2 
Since  energy/mass i s  a f u n c t i o n   o n l y   o f   t h e   v e l o c i t y ,   t h e   c o l u m n   l a b e l e d  
energy  i s  a l s o   t o   b e   i n t e r p r e t e d   a s   t h e   p a r t i c l e   k i n e t i c   e n e r g y   d i v i d e d  
by t h e   m a s s   i n   u n i t s  of  t he   p ro ton   mass .  More f i g u r e s   a r e   t a b u l a t e d  
t h a n   a r e   s i g n i f i c a n t   i n   o r d e r   t o   f a c i l i t a t e   i n t e r p o l a t i o n .  

3t 

* 
B e c a u s e   o f   t y p o g r a p h i c a l   l i m i t a t i o n s ,   I a d j  i s  i n d i c a t e d   a s  I i n   t h e  
t a b l e   h e a d i n g s .  The u n i t s   o f   I a d j   a r e  eV. 
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Table 11. Two-Variable  Range  Table 

Calcu la ted   range ,  x, a s  a f u n c t i o n   o f   t h e   p r o t o n   k i n e t i c   e n e r g y  T 
d:rf the mean e x c i t a t i o n   e n e r g y  1ad-J. The e n t r i e s ,  when m u l t i p l i e d  by 
n / d ,  g i v e   t h e   r a n g e   i n   u n i t s   o f  g cm' . Powers   o f   t en   a r e   i nd ica t ed  2 
f l y  the symbol E; t h u s  1.2345E-02  means 1.2345 x lom2, Since   energy/  
Z J 5 5  i s  a f u n c t i o n   o n l y  of t h e   v e l o c i t y ,   t h e   c o l u m n   l a b e l e d   e n e r g y  i s  
.J: ,C t o  be i n t e r p r e t e d   a s   t h e   p a r t i c l e   k i n e t i c   e n e r g y   d i v i d e d  by t h e  

- . s , ~ ~  i n  u n i t s   o f   t h e   p r o t o n   m a s s .  The range  i s  then   g iven   by  Eq.  (6).  
'" re  f i g u r e s   a r e   t a b u l a t e d   t h a n   a r e   s i g n i f i c a n t   i n   o r d e r   t o   f a c i l i t a t e  

! ; i ' . e rpola t ion   and   d i f fe renc ing .  

- Exsmple of  Use - 
Suppose i t  i s  r q u i r e d   t o   f i n d   t h e   e n e r g y  of a He3 beam which  has 

a range of  300 gm/cm' i n   i r o n   ( I a d j  = 285 eV)2 On d i v i d i n g  by A/Z (= 2.1481), 
irom Table 7 t h i s   r a n g e  i s  139.66 (Z/A)g/cm . Then u s i n g  Eq. (6) we f i n d  
X + B2 = 186.64 (Z/A)g/cm2. Now B , i s  found  from Eq. (11) t o  be   on ly  0.0003 
I n  t h e s e   u n i t s  so  t h a t  X = 186.64 ?Z/A)g/cm2. From Table  I1 we f i n d  
T = 915 MeV. Then us ing   Tabl ' e  1, T = MT = 4.(0.74829)915 = 2738 MeV. 

I 
Lecause o f  t y p o g r a p h i c a l   l i m i t a t i o n s ,   I , d j  is i n d i c a t e d   a s  I i n  t h e  
table  headings.  The u n i t s  of I& a r e  eV. 
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Table  111. Stopping  Power and  Range  Table 

S topping  power (MeV/g cm-2) and  range  (g cm ) a s   f u n c t i o n s  ;c! 

o f   t h e   p a r t i c l e   e n e r g y  (MeV ), f o r   v a r i o u s   s u b s t a n c e s .  The d e n s i t y  
e f f e c t   c o r r e c t i o n  i s  inc luded .   Gases   a re   assumed  to   be   a t   normal  
p r e s s u r e .   P o w e r s   o f   t e n   a r e   i n d i c a t e d   b y   t h e  symbol E; t h u s  
1,2345E 02 means 1.2345 x lo2. Because of t y p o g r a p h i c a l   l i m i t a t i o n s ,  
t h e   a d j u s t e d  mean e x c i t a t i o n   e n e r g y ,   I a d . ,  i s  i n d i c a t e d  by t h e  symbol 
I i n   t h e   t a b l e   h e a d i n g s ;  i t s  u n i t s   a r e  ea. More f i g u r e s   a r e   t a b u -  
l a t e d   t h a n   a r e   s i g n i f i c a n t   i n   o r d e r   t o   f a c i l i t a t e   i n t e r p o l a t i o n  and 
d i f f e r e n c i n g .  
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